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SPECIAL NOTES 


API publications necessarily address problems of a general nature. With respect to partic- 
ular circumstances, local, state, and federal laws and regulations should be reviewed. 

API is not undertaking to meet the duties of employers, manufacturers, or suppliers to 
warn and properly train and equip their employees, and others exposed, concerning health 
and safety risks and precautions, nor undertaking their obligations under local, state, or fed- 
eral laws. 

Information conceming safety and health risks and proper precautions with respect to par- 
ticular materials and conditions should be obtained from the employer, the manufacturer or 
supplier of that material, or the material safety data sheet. 

Nothing contained in any API publication is to be construed as granting any right, by 
implication or otherwise, for the manufacture, sale, or use of any method, apparatus, or prod- 
uct covered by letters patent. Neither should anything contained in the publication be con- 
strued as insuring anyone against liability for infringement of letters patent. 

Generally, API standards are reviewed and revised, reaffirmed, or withdrawn at least every 
five years. Sometimes a one-time extension of up to two years will be added to this review 
cycle. This publication will no longer be in effect five years after its publication date as an 
operative API standard or, where an extension has been granted, upon republication. Status 
of the publication can be ascertained from the API Authoring Department [telephone (202) 
682-8000]. A catalog of API publications and materials is published annually and updated 
quarterly by API, 1220 L Street, N.W., Washington, D.C. 20005. 

This document was produced under API standardization procedures that ensure appropri- 
ate notification and participation in the developmental process and is designated as an API 
standard. Questions conceming the interpretation of the content of this standard or com- 
ments and questions concerning the procedures under which this standard was developed 
should be directed in writing to the director of the Authoring Department (shown on the ttle 
page of this document), American Petroleum Institute, 1220 L Street, N.W., Washington, 
D.C. 20005. Requests for permission to reproduce or translate all or any part of the material 
published herein should also be addressed to the director. 

API standards are published to facilitate the broad availability of proven, sound engineer- 


ing and operating practices. These standards are not intended to obviate the need for apply- - 


ing sound engineering judgment regarding when and where these standards should be 
utilized. The formulation and publication of API standards is not intended in any way to 
inhibit anyone from using any other practices. 

Any manufacturer marking equipment or materials in conformance with the marking 
requirements of an API standard is solely responsible for complying with all the applicable 
requirements of that standard. API does not represent, warrant, or guarantee that such prod- 
ucts do in fact conform to the applicable API standard. 


All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or 
transmitted by any means, electronic, mechanical, photocopying, recording, or otherwise, 
without prior written permission from the publisher. Contact the Publisher, 

API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005. 


Copyright © 1997 American Petroleum Institute 


143322233 


STD-API/PETRO SRCH TECHNICAL-ENGL 1997 Ml 0732290 0566571 270 


Information Handling Services, 


2000 


STD-API/PETRO SRCH TECHNICAL-ENGL 1997 MM 0732290 OSbb5?2 107 Mm 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


1997 


2000 


FOREWORD 


The project that resulted in the publication of the Technical Data Book was initiated as 
a result of a general recognition by the petroleum refining industry of the desirability of an 
authoritative publication setting forth a collection of correlations and methods for estimat- 
ing physical properties that are used in process design. 

The Subcommittee on Technical Data was originally appointed in January 1959 to coor- 
dinate the project. The subcommittee membership has been as follows: 


Affiliation Member 
Shell Oil Co. A. 8. Lehmann, Chairman (1959-1965) 
C. C. Williams III, Chairman (1965~— ) 
Allied Chemical David Zudkevitch (1975-1985) 
Amoco Oil Co. J.B. Wolf (1959-1981) 
S. J. Kramer (1981-— ) 
American Petroleum Institute R.R. Wright, Secretary (1959-1970) 


C. T. Sawyer, Secretary (1970-1972) 
R.J. Young, Secretary (1972-1982) 

W. C. Retzsch, Secretary (1982-1985) 
M. H. Matheson, Secretary (1986-1988) 
G. C. Hurley, Secretary (1989-1990) 
D.L. Miller, Secretary (1990-1993) 

G. Carroll, Secretary (1993—) 


Ashland Petroleum Co. J. F. Hoffman (1989- ) 


Atlantic Richfield Co. O. H. Hariu (1959-1961) 
A.E. Andersen (1961-1976) 
J. B. Turner (1976-1980) 
G.E. Merrit (1980-1986) 


Bechtel Corp. L. S. Galstaun (1966~1978) 
H. G. Hipkin (1978-1981) 
B. P. (North America) Limited R. M. Blunden (1970-1971) 
C. F. Braun and Co. H. G. Hipkin*® (1965-1974) 
Chevron Research Co. A.E. Ravicz (1968~1973) 


C. James (1973-1977) 

R. H. Kilgren (1977-1984) 
J. K. Baker (1985~—1987) 
A.E. Ravicz (1988— ) 


Exxon Research and Engineering Co. A. K. Scott (1959-1969) 
David Zudkevitch (1969-1975) 
R. H. Johnston (1975-1977) 
C. Tsonopoulos (1977- ) 


Foster Wheeler Corp. J. E Middleton* (1963-1966) 
S. A. Newman (1978-— ) 

Gulf Canada Lid. J. G. Spiro (1979-1986) 

Gulf Research and Development Co. J. H. Hirsch (1959-1965) 


M. C. Fogle (1966-1967) 

R. F. Mansfield (1967-1969) 
G. E. Jones, Jr. (1969-1973) 
R. H. Jacoby (1973-1975) 
E. O. Eisen (1975-1979) 

J. S, Lasher (1979-1986) 


The M. W. Kellogg Co. Leo Friend* (1962-1973) 
S. B. Adler (1973-1981) 
C.F Spencer (1982- ) 


Arthur G. McKee and Co. O. H. Hariu* (1962~1965) 
O- H. Hariu (1979-1985) 


*Representing the Contractors’ Advisory Subcommittee on Technical Data. 
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Mobil Oil Corp. 


Monsanto Co. 
Natural Gas Processors Association 


Pennzoil Co. 
Phillips Petroleum Co. 


The Standard Oil Co. (Ohio) + 
Sun Oil Co. 
Texaco Inc. 


Union Oil Co. of California 


Unocal CIS 


E.R. J. Sorf (1959-1962) 
H. G. Grayson (1962-1965) 
R. C. Shen (1965-1972) 

M. G. Kesler (1972~—1979) 
B. I. Lee (1979- } 


S. T. Hadden (1967-1970) 


Carl Sutton (1970-1987) 
R. E. Cannon (1987-1989) 
J. Herbert (1990- ) 


Keith E. Thomas (1990- ) 


R.A. Findlay (1965-1975) 
M. A. Albright (1975-1984) 
Dale L. Embry (1985 ) 


J. W. Thomas (1961-1966) 
D. Camin (1974-1976) 


Leon Gaucher (1960-1962) 
J. H. Greene (1962-1966) 


. J.R. Zoller (1966-1969) 


W. R. Coons, Jr. (1969-1974) 

E. H. Holst (1974-1977) 

W. R. Hollowell (1977~1979) 

C. L. Wu (1980-1986) 

Bernard Kouzel (1964-1989) 
David H. Chittenden (1990-1992) 


Peter A. Nick (1992- } 


The Contractors’ Advisory Subcommittee on Technical Data has advised and assisted the 
Subcommittee on Technical Data. Advisory Subcommittee membership has been as follows: 


Affiliation 
Aspen Tech 
The Badger Co., Inc. 


Bechtel National Inc. 


C.F. Braun and Co. 
Brown & Root-Braun 


Catalytic Construction Co. 


The Fluor Daniel Engineering & 
Constructors, Inc. 


Foster Wheeler Corp. 


. Houdry Process and Chemical Co. 


The M, W. Kellogg Co. 


The Lummus Co. 
ABB Lummus-Crest Inc. 
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Member 


S. Watanasiri 


M. L. Buckler 
P.F. Way 

H.E. Ramirez - 
D.H. Jones 
F.C. Heron 

R. F. Guarino 


L. S. Galstaun 
H. G. Hipkin 

J. S. M. Fox IH 
Robert Chu 


M. S. Nehls 
R.F. Detman 
H. G. Hipkin 
C.R. Koppany 
FG. Clark 

C. Shen-Tu 


D. J. Oriolo 

J.J. Cicalese 
C.F, Hancock 

W. M. Hathaway 
R. A. Chong 

J. F. Middleton 
C. W. Zimmerlein 
Stephen Newman 
E. A. White 

Leo Friend 

S. B. Adler 

C.F. Spencer 
Lewis Yen 

L.M. Shipman . 
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Arthur G. McKee and Co. 


The Ralph M. Parsons Co. 


Stone and Webster Engineering Corp. C.N. Collard 


A. S. Brunjes 
Simulation. Sciences David Bluck 


The technical work, evaluation of correlations, and preparation of the book were carried 
out by the project staff at the Department of Chemical Engineering of the Pennsylvania 
State University. 

The compilation has revealed the true state of the art of this information as applied to pe- 
troleum refining. The compilation not only shows how much we know but also reveals the 
degree and extent of our ignorance. Thus, in addition to being an explicit tool for practicing 
engineers, itis an implicit guide for research to perfect and extend methods for correlating 
and estimating physical properties. 

There is no guarantee, express or implied, that the data or methods herein are the best in 


existence. The only claim made for the compilation is that the data herein have been judged - 


the best available to the project staff at the Pennsylvania State University at the time the 
various reviews were completed. Many articles published in the technical journals during 
the course of the project may have provided a basis for improving the precision or range of 
the data in this book. This is inherent in the nature of developing technology. 

The information and procedures given are based on experimental data and are believed 
to be correct within the limitations designated. Although extraordinary effort has been ex- 
pended in eliminating errors, no warranty, express or implied, is given by the investigators, 
the Pennsylvania State University, or the American Petroleum Institute in the use of this in- 
formation. 

API publications may be used by anyone desiring to do so. Every effort has been made 
by the Institute to assure the accuracy and reliability of the data contained in them; however, 
the Institute makes no representation, warranty, or guarantee in connection with this pub- 
lication and hereby expressly disclaims any liability or responsibility for loss or damage re- 
sulting from its use or for the violation of any federal, state, or municipal regulation with 
which this publication may conflict. 

Suggested revisions are invited and should be submitted to the director of the Manufac- 
turing, Distribution and Marketing Department, American Petroleum Institute, 1220 L 
Street, N.W., Washington, D.C. 20005. 


Manufacturing, Distribution and Marketing Department 
American Petroleum Institute 
March. 1997 
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PREFACE 


CONTENTS 


This book is a critically reviewed compilation of the physical and thermodynamic data 
and correlations that are of most interest to petroleum refiners for process evaluation and 
equipment design. The book includes chapters on the following topics: general data, 
characterization of hydrocarbons, petroleum fraction distillation interrelations, critical 
properties, vapor pressure, density, thermal properties, vapor-liquid equilibrium, water- 
hydrocarbon equilibria, surface and interfacial tension, viscosity, thermal conductivity, 
diffusivity, combustion, and adsorption equilibria, in that order. The book concentrates on 
hydrocarbons and their mixtures. Nonhydrocarbon gases and some oxygenated compounds 
important in petroleum processing are included where appropriate. Hydrocarbon systems are 
divided into three groups: those in the pure state, petroleum mixtures for which the 
compositions of all the species are known (defined mixtures), and mixtures whose composition 
is unknown (undefined mixtures). The undefined mixtures must usually be characterized by one 
or more measured physical properties, such as density, molecular weight, viscosity, and ASTM 
distillation, which reflect their constitution. Obviously the treatments for these three 
classifications differ, thus, separate methods are given for each. Predictions for defined 


- mixtures can often be made using correlations for undefined mixtures, but this procedure is 


rarely recommended. 

Although methods are given primarily for desk calculations, alternative (and generally 
more complex) methods suitable for use on computers have also been recommended in recent 
revisions whenever feasible. Most procedures are equation based, but many are presented as 
figures. Computer methods are included for essentially all critical, volumetric, and 
thermodynamic properties discussed. Most procedures for transport properties could also be 
readily programmed. It has been the policy of the’ API Technical Data Committee that computer 
methods include the requisite equations and calculation procedures but not a specific program. 
The procedures are available as self-supporting FORTRAN subroutines. Programming of the 
recommended methods has been addressed separately in Chapter 16, which i is available as a 
separate publication. 

Each chapter is devoted to a single property or group of related properties. Within the 
chapters, further divisions in sections and subsections are made according to the property (when 
more than one is given in a chapter), the phase, and the state of the hydrocarbon (pure, defined 
mixture, or undefined mixture). Generally, nonhydrocarbons are covered in a section different 
from the one in which the corresponding treatment for hydrocarbons is given. Titles for the 
subdivisions are given in the table of contents for each chapter. The system used lends itself 
well to future revisions and expansions, with minimal renumbering of the unchanged material. 

Chapter 1, "General Data,” contains information on selected properties of pure 
compounds, conversion factors, and other general information. The information contained in 
Chapter | is also available in a personal-computer-based format, the AP] Access Program, or 
APIAP. APIAP is an interactive, menu-driven program that provides easy access to selected 
property values of the compounds contained in Chapter 1. The data bank accompanying this 
program is updated with the latest property values. 

In Chapters 2-15, for numbering purposes, the figures, tables, and procedures that are 
to be used to calculate values are not treated separately according to kind but are numbered 
serially in order of presentation, whether figure, table, or procedure. In the designation "Figure 
12B1.3," for example, "12" is the chapter number, "B" is the section designation, "1" is the 
subsection number, and "3" indicates the third exhibit from the subsection. 

Comments are given for each figure or procedure and are normally located on the back 
of the exhibit. For groups of related figures, comments are given following the last figure only. 
Where tables and figures are used as part of a procedure (for example Table 7A1.2, which is 
part of Procedure 7A1.1, or Figures 7B3.4-7B3.6, which are part of Procedure 7B3.1), the 
procedure and comments for the entire unit are given first, followed by the supporting exhibits 
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(which have no individual comments). Included in the comments are all or some of the 
following sections: purpose (particularly as distinguished from other related exhibits), 
limitations, reliability, notation, special comments, literature sources, and examples. It is 
anticipated that most erroneous applications and difficulties in using the correlations will result 
from failure to consult these comments. 

In preparing the text for the procedures and comments, an effort was made to mimimize 
cross-referencing, although correlations typically require input from other chapters. In some 
cases (notably Chapter 7), extensive cross-referencing could not be avoided without prohibitive 
repetition. References to other chapters are usually no more specific than the chapter number, 
to permit future revisions without repercussions throughout the book. 

Neither the availability of many correlations nor the endorsement of one or more of 
them in this book implies that any of them is totally satisfactory for all conditions of temperature, 
pressure, phase, composition, and hydrocarbon type. The selections were based on the available 
data, tempered by scientific judgment. There is no guarantee that any of the methods will be 
reliable for unusual compounds or conditions, and the user 1s cautioned against blind faith and 
particularly against being deceived by the rigorous appearance of a complicated correlation. 
The user is cautioned against using any of the methods outside the conditions stated in the 
limitations section. Many more experimental data are needed before our correlative knowledge 
can be described as satisfactory. In spite of these shortcomings, the selected correlations are 
believed to be the best compromise among accuracy, generality, internal consistency, and ease 
of use that can be obtained from the readily available methods and data. 


PREPARATION OF THE FIRST EDITION 


The preparation of the first edition of the Technical Data Book covered a period of . 


more than four years. During that time, the work of the Penn State staff, led by the late Dr. M. 
R Fenske, Dr. W. G. Braun, and Mr. W. H. Thompson, was guided and coordinated by the API 
Subcommittee on Technical Data with assistance from the Contractors’ Advisory Subcommittee, 
under the sponsorship of the API Refining Department. [For more details, see A. S. Lehmann, 
"API Technical Data Book Project," Proc. API 44D) 278 (1964). The general pattern 
followed by Penn State in preparing each phase of each section of the book is outlined below: 


1. The literature was searched for pertinent data and correlations. 

2. When there were many applicable correlations, some were eliminated from further 
consideration on the basis of such factors as complexity, lack of generality, failure to be 
internally consistent, and available of improved forms. 

3. A set of data was assembled for comparison with the predictions of the correlations. 
4. The correlations were evaluated for accuracy, generality, ease of use and other 
characteristics. 

5. The evaluation results, conclusions and recommendations were reported to the 
subcommittees for review. 

6. Occasionally, reevaluations or further checking was performed, based on comments 
from the reviewers. 

7. The recommended data and correlations, along with descriptive comments, were 
prepared in final form for subcommittee review. 

8. The draft chapters were modified to satisfy reviewers’ criticisms and were submitted 
for publication. 


As implied, no attempt was made to develop new correlations for the first edition of the 
Technical Data Book. 


During the literature searches, approximately 10,000 articles were reviewed. Of these, 
3000 were useful enough to include in reports, and approximately 750 are cited in the book. 
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Four bibliographies of data were prepared and published as incidental by-products of this effort: 


Fenske, M. R., Braun, W. G., Holmes, A. 8., Bibliography of Vapor-Liquid Equilibrium Data 
Jor Bydrocarbon Systems Bibliography No. 1, Am. Petrol. Inst., New York (1963). 

Holmes, A. S., Braun, W. G., Fenske, M. R., Bibliography of Vapor Pressure Data for 
Hydrocarbons, Bibliography No. 2, Am. Petrol. Inst., New York (1964). 

Jeter, L. T., Thompson, W. H., Braun, W. G., Fenske, M. R., Bibliography of Volumetric and 
Thermodynamic Data for Pure Hydrocarbons and Their Mixtures, Bibliography No. 
3, Am. Petrol. Inst., New York (1964). 

Wilson, R. F., Thompson, W. H., Braun, W. G., Fenske, M. R., Bibliography of Vapor-Liquid 
Equilibrium Data for Hydrocarbon-Nonhydrocarbon Gas Systems, Bibliography No. 
4, Am. Petrol. Inst., New York (1964). 


These bibliographies, documentation reports (see below), and the tables of data issued by API 
Research Project 44 extended the usefulness of this book to unusual hydrocarbons and systems. 

One of the most difficult tasks was narrowing the evaluations to reasonable sizes, 
consistent with the importance of the property under consideration and the available time and 
funds. It was neither possible nor justifiable, for example, to examine in detail all of the more 
than 80 correlations that are available for the vapor pressure or the heat of vaporization of pure 
hydrocarbons. For many properties, extensive data bases have been assembled and stored on 
computer tapes. , 

Selecting a single method for use with all hydrocarbons at all temperatures and 
pressures was often difficult because different correlations normally excelled in different areas. 
Furthermore, the results of error analyses were occasionally complicated, for example, when 
different correlations were applicable to different groups of data points and the difficulty of the 
noncommon points varied. (if only common data points were compared, the set was usually so 
small and restricted that the effects of temperature; pressure, system, and /or hydrocarbon type 
could not be studied. The intangible criteria of generality and ease of use were always 
considered, along with the more concrete error analysis results. 

Although there were usually too many applicable correlations, occasionally none were 
available for technically important circumstances. Notable examples of this are correlations for 
mixtures containing hydrogen or high concentrations of unsaturated or aromatic hydrocarbons. 
Methods are given for these mixtures, but data were rarely available to confirm the methods’ 
validity. 

After the evaluations were completed, the results and recommendations were reported 
to the subcommittee members in 85 different documents, including 29 formal reports. Fourteen 
more formal reports were draft chapters, which contained draft copies of the figures in the 
Technical Data Book. Most figures had previously been redrawn from their origina! sources 
to unify style, to make them more convenient and useful for a quantitative application, and in 
some cases, to correct errors. Comments from the subcommittee members resulted in the 
elimination of many troublesome errors and obstacles for the inexperienced user. 

After the publication of the Technical Data Book, the American Petroleum Institute 
made Documentation Report Nos. 2-66 through 14-66 to holders of the book. These reports 
are an organization of the evaluation reports and document the selection of the correlations in 
this book on a chapter-by-chapter basis. In addition to providing answers to many questions 
about the selection of the contents of the book, the information is useful in estimating the 
reliabilities of the various correlations in specific situations. 

The extensive literature surveys, correlation evaluations and the review procedure 
outlined above make this book the most complete and reliable work yet compiled specifically 
for general use in the evaluation of petroleum refining processing and related equipment. 

The direct product of the work described above is, of course, the book. The project 
also resulted in partial or total support for a number of undergraduate and graduate students and 
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for a professional staff. Many of the students have completed their academic work and have 
since entered industry, and an unusually large proportion have entered the petroleum industry. 
All have an increased understanding of and sympathy for the problems of the petroleum 


industry. 
PREPARATION OF THE SECOND, THIRD, AND FOURTH EDITIONS 


Since the literature search for the first edition was completed, a large number of new 
correlations and an even Jarger amount of experimental data of potential use in the Technical 
‘Data Book have appeared in the open literature. This information prompted further studies, 
also supported by the American Petroleum Institute as a vital part of its continuing program to 
provide the best current data and correlations for the practicing engineer, which ultimately 
resulted in publication of the second and third editions. 

Revisions for the second edition, published in 1970, were made in Chapters 1, 7; 8, 9, 
and 1]. In Chapter 1, the physical property tables of the C,-C,, hydrocarbons were extensively 
revised based on the changes in, or additions to, the tables of API Research Project 44. Also 
included were tables for the physical properties of biphenyls, diphenyls, tetrahydronaphthalenes, 
and decahydronaphthalenes. In Chapter 7, the tables of coefficients for the calculations of ideal 
gas enthalpies, the enthalpy-temperature diagrams, and the enthalpy-entropy diagrams for 
methane, ethane, propane, and ethene were revised. In Chapter 8, material was added on the 
solubility of gases in water and the water content of natural gases. Chapters 9 and 11 
conceming water-hydrocarbon phase equilibria and viscosity, respectively, were completely 
revised. The numerical solutions of all of the example problems in the book were changed to 
reflect the revisions of the properties that were made in Chapter |. Inadvertent errors in 
chapters, which were listed n Revision Sheet 1 (July 1, 1967) and Revision Sheet 2 (December 

1, 1969), were corrected. 

For the third edition, published in 1976, Chapters 4, 6, and 7 were completely revised, 
and necessary changes were made in Chapters 1 and 2. Chapter 4 was expanded in 1974 to 
include procedures to calculate critical properties for all types of hydrocarbon systems. Chapter 


6, as revised in 1972, included new methods for saturated liquid densities for pure | 


hydrocarbons, defined hydrocarbon mixtures, and nonhydrocarbons. In the 1976 publication, 
the vapor density section of Chapter 6 and all of Chapter 7 were revised. Vapor densities and 
thermodynamic properties for pure hydrocarbons and defined hydrocarbon mixtures were all 
predicted by the modified Pitzer corresponding-states method of Lee and Kesler. Desk and 
computer methods were made consistent. New methods for predicting thermodynamic 
properties of petroleum fractions were presented that use the methods of Chapter 4 to predict 
critical properties. The acentric factors of Chapter 2 were revised for consistency with Chapters 
6 and 7. Certain properties in Chapter 1, as revised by AP] Research Project 44, were updated. 

For the fourth edition, Chapter 5 on vapor pressure, Chapter 8 on vapor-liquid 
equilibria, Chapter 12 on thermal conductivity, and Chapter 13 on diffusivity were completely 
revised, with a large amount of new material added. Chapter 2 on characterization and Chapter 
3 on distillation relationships were partially revised with new procedures for estimating 
properties. Chapter 4 on critical properties was updated. Chapter 9 on water-hydrocarbon 
equilibria and gas hydrates was completely revised and substantially expanded. Data and 
correlations for water-hydrocarbon systems previously in Chapter 8 were updated and included 
in Chapter 9. Chapter 10 on surface tension was revised, and methods for prediction of 
interfacial tension were included for the first time. 

After publication of the fourth edition, a revision package was issued in 1985 that 
completely revises Chapter 14 on combustion, Chapter 1] on viscosity, and the liquid portion 
of Chapter 6 on density. A new Chapter 15 on gas-solid and liquid-solid adsorption equilibria 
was added. In addition, the procedure for computer calculation of vapor-liquid equilibria in 
Chapter 8 was revised. The ninth revision package, released in 1988, included complete 
revisions of Chapters 1-4 covering general data, characterization, distillation, and critical 
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properties. 
PREPARATION OF SIXTH EDITION 


The eleventh revision package (1994) includes complete revisions of Chapter 3 on 
petroleum fraction distillation interconversions, Chapter 5 on vapor pressure, and Chapter 8 on 
vapor-liquid equilibrium K-values. Substantive additions and improvements were made in 
Chapters 3, 5, and 8. 

The twelfth revision package (1997) includes complete revisions of Chapter 9 on 
water-hydrocarbon equilibria, Chapter 11 on viscosity, and Chapter 12 on thermal conductivity 
as well as an update of all property values and addition of some important compounds in 
Chapter 1. Ideal gas tables of Chapter 7 and revised tables 14A1.1 and 14A1.2 are 


also included. 


COMPUTERIZATION 


Concurrent with the publication of the ninth revision package, the first portion of an 
effort begun in 1975 to provide standard FORTRAN subprograms for each procedure in the 
Technical Data Book was released. The programming standards, standard variable names, user 
documentation for each completed procedure, and a description of the computerized version of 
the pure-component data base of Chapter ] are included in a separate binder. This first release 
included subprograms for almost all procedures in Chapters 2-9 as well as certain defining 
equations. Subprograms and the pure-component data base are supplied on disk or tape as 
desired by the purchaser. Use of the subprograms requires availability of the entire book for 
reference as the subprograms are used. A second release containing material on equilibrium 
flash vaporization relationships for Chapter 3, procedures for reacting systems for Chapter 7, 
and all procedures in Chapters 10-15 was published in 1988. 

A third release completely revising Chapter 7 routines, correcting a few errors, 
updating test routines to match the fifth edition, and reorganizing and renumbering the pages 
was published in Spring 1993. A fourth release includes complete revisions of the code for 
Chapters, 3, 5, and 8 to match the changes made for the eleventh revision package. 

A fifth release will include all changes made in revised package 12 and will be 
published in early 1997. 


DOCUMENTATION 


Documentation reports on most chapters are available from Global Engineering 
Documents, 15 Inverness Way East, Englewood, CO 80150. A complete list of the 
documentation reports and their order numbers is given in the API Publications Catalog. 

As has been proven, the format of the book permits easy revision and expansion. It is 
anticipated that API will continue to provide funds for the maintenance and improvement of the 
book, which will include the evaluation of newly developed correlations and the incorporation 
of new data and pertinent user experience. We solicit opinions and criticisms, both on the 


current contents and on suggested substitutes. In view of the vast number of correlations 
available, it would be presumptuous to conclude that all the worthy ones have been tested. We — 


will also be grateful if errors in the present edition are brought to our attention. 
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PREFACE 


The revision of Chapter 1 incorporates new data from the DIPPR Compilation and 
the TRC tables for hydrocarbons. A new computer method, to copy the data directly from 
other files and to generate the tables for the chapter, was used to minimize errors. 
Compounds that have been used in recent editions of other chapters have been added to 
Chapter 1. The computerized version of the chapter has also been modified to include these 


compounds. 


Major work on this chapter was carried out and directed by Richard E. Pulley, Jr., 
Research Assistant in Chemical Engineering, under the supervision of Dr. Thomas E. 
Daubert, Principal Investigator. 

Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

June 1995 
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CHAPTER 1 
GENERAL DATA 


1-0 INTRODUCTION 


Almost all the procedures in the API Technical Data Book 
require pure component physical properties. This chapter pro- 
vides a collection of properties for many hydrocarbons and se- 
lected nonhydrocarbons. The compounds and the properties 
that were selected for inclusion in this chapter are those 
judged most useful for petroleum refining and associated in- 
dustries. Further information on physical properties may be 
found in the Design Institute for Physical Properties Research 
(DIPPR) Data Compilation: Tables of Properties of Pure 
Compounds (8). The majority of data for the compounds in 
this chapter were taken from the following sources (in order of 
priority): 

1. DIPPR Compilation (8) 

2. GPA 2145-94 (13) 

3. API Monograph Series (1-3) 

4. TRC Tables (32-34, 39-47) 

5. Previous API Technical Date Book - Petroleum Refining (9). 


Unless otherwise indicated, predictions of hydrocarbon data 
were made using the current Data Book procedures. Predic- 
tions of nonhydrocarbon data were made using DIPPR Com- 
pilation (8) procedures. 


In addition to the pure component data tables (Sections IC] 


1997 
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through 1C4), other general information is presented in this 
chapter. Section 1A contains a list of constants and lists of 
conversion factors. Section 1B is a list of letter symbols with 
their definitions. Section 1C enumerates the property defini- 
tions with other pertinent information on the properties in the 
data tables. Note that the footnote codes in the data tables in- 
dicate whether data are predicted (P), extrapolated (T), exper- 
imental (no code), or if it is unknown whether the source is 
predicted or experimental (S). Codes such as C, G, K, and N 
provide further information for experimental data points. The 
key for these codes follows Table 1C4. Section IC5 is the ref- 
erence key for the properties in the data tables. 


For the 1994 edition, 14 hydrocarbons and five nonhydrocar- 
bons have been added to this chapter. The API identification 
numbers for the compounds that were in the previous edition 
have not been changed. However, the added compounds were 
placed in the appropriate order on the physical property tables, 
causing a departure from numeric order in the tables. This de- 
parture is considered necessary for maintaining consistency 
with the numbering used in other chapters. 


The data contained in Tables 1C1.1 through 1C4.12 are also 
available in computer readable format on tape or disk. The 
data are identical except that the number of significant digits 
may be different. 


1-1 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER L-ENGL 1997 MM 0732290 OSbb5%¢ TTS 


1A1.1 
TABLE 1A1.1 
FUNDAMENTAL CONSTANTS* 
Basic Constants 
Name Symbol Value 
Velocity of light (vacuum) c 2.997925 x 10° 
Avogadro constant Na 6.02214 x 10” 
Planck constant h 6.6261 x 10°” 
Faraday constant F 96,485.3 
Absolute temperature of the “ice” point: 
oc Toc 273.15 
32 F Ts2 F 491.67 
Pressure-volume product for 1 mole of 
a gas at 0 C (32 F) and zero pressure 
(ideal gas) (pVYzn. 2,271.11 
22.4141 
2.27111 x 10° 
359.039 
5,276.42 


Units 


m per sec 
molecules per g-mole 
(ergs) (sec) per molecule 
coulombs per mole 


K 
deg R 


joules per g-mole 

(liters) (atm) per g-mole 
(cu m) (Pa) per kg-mole 
(cu ft) (atm) per Ib-mol 
(cu ft) (psia) per Ib-mol 


a 


Derived Constants 


Name Symbol Value 
Electronic charge = x 1.60218 x 10-"° 
bal!) 
Gas constant R= cAaie £ 8.3145 
a 1.9872 
1.9859 
82.058 
1,545.4 
10.732 
62.364 
0.084786 
0.73024 
554.99 
8,314.5 
Boltzmann constant k= # 1.38066 x 10776 
A 
Second radiation constant C2, = he 1.43877 


Defined Constants 


Name Symbol Value 
Standard gravity Bo 980.665 
32.174 
Standard atmosphere atm 1,013,250 
14.696 
101,325 
Standard millimeter of mercury pressure mm Hg 760 
Calorie (thermochemical) cal 4.1840 
4.1840 x 10’ 
Calorie (International Steam Tables) cal; 1.T. cal 4.1868 
Liter 1,000 
1-2 
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Units 


coulombs 


joules per (g-mole) (K) 

g-cal per (g-mole) (K) 

Btu per (Ib-mole) (deg R) 

(cu cm) (atm) per (g-mole) (K) 

ft-lb [force] per (lb-mole) (deg R) 
(psia) (cu ft) per (Ib-mole): (deg R) 
(mm Hg) (liter) per (g-mole) (K) 

(kg per sq cm) (liter) per (g-mole) (K) 
(atm) (cu ft) per (Ib-mole) (deg R) 
(mm Hg) (cu ft) per (1b-mole) (deg R) 
(Pa) (cu m) per (kg-mol) (K) 


ergs per (molecule) (K) 


cm-deg C 


Units 


cm per sec per sec 
ft per sec per sec 


dynes per sq cm 
psia 
pascals 


atm 


joules 
ergs 
joules 


cu cm 
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1A1.1 
TABLE 1A1.1 (Continued) 
Conversion Factors—Engineering Units Vs. Metric Units 
Name Value Units 
1 in. = 2.54 cm Definition: in. = U.S. inch 
1 ft = 30.48 cm Definiton: U.S. foot (1 ft = 12 in.) 
1b = 453.59237 g Definition: lb = avoirdupois pound 
1 gal = 231 ca in. Definition: gal = U.S. gallon 
= 0.133680555 cu ft 
= 3,785.43449 cu cm 
= 3.785412 liters 
11LT. cal = 0 int watt-hr Definition: I.T. = International Steam 
= 4.18674 joules Tables 
= 4.18605 int joules 
= 1.000654 cal Definition: cal = thermochemical calorie 
1 Btu per Ib =;ig LT. cal per g Definition: Btu = I.T. British thermal! 
. unit 
1 Btu = 251.996 I.T. cal 
= 1,055.040 joules 
= 1,054.866 int joules 
= 0.293018 int watt-hr 
= 252.161 cal Definition: cal = thermochemical calorie 
= 0.293067 abs watt-hr 
1 hp = 550 ft-lb [force] per sec 


= 745.701 watts (abs) 
= 745.578 int watts 


1 erg = 1 dyne-cm 


Mathematical Constants 


m7 = 3.14159 
e (base of natural logarithms) = 2.71828 
natural logarithm (base e), log. 10 = In 10 = 2.30258509 


et 


Temperature Conversions 


C= (F — 32)/1.8 
F=1.8C+32 
K =C + 273.15 
R=F + 459.67 
R=1.8K 

Where: 
C = degrees centigrade 
F = degrees Fahrenheit 
K = kelvins 
R = degrees Rankine 


* Values taken from, or derived from, those given in Natl. Bur. Std. (U.S.), CODATA Bull. No. 63 (1986). 
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1A2.1-1A2.2 
TABLE 1A2.1 


LENGTH CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


Units—> Milli- Centi- Kilo- 
4 Feet Yards meters meters meters 
1.5783 2.5400 
1.8939 3.0480 3.0480 
5.6818 9.1440 9.1440 
: 1.6093 1.6093 1.6093 1.6093 
SIE = 
; 3.9370 3.2808 1.0936 6.2137 a = 2 3 
re 3.9370 | 3.2808 ~ 1.0936 6.2137 Z 
F 6.2137 -s 
Centimeters 0.39370 | 0.032808 0.010936 x 107° 10* 10 10 
‘ 3.9370 3.2808 1.0936 9 


TABLE 1A2.2 
AREA CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


6.4516 x 10~* 


Square Inches 


9.2903 x 107? 


0.11111 2.2957 x 107° 929.03 


0.83613 


Square 


Centimeters 


10-* 
Square Meters 
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1A2.3-1A2.4 


TABLE 1A2.3 
VOLUME CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


Units | 


| Cubic Inches Cubic Feet Cubic Yards Cubic Centimeters Cubic Meters 
Cubic Inches 1 5.7870 eee 16.387 1.6387 
SSS Sr 


x 107+ x 1075 x 1075 
Cubic Feet 1,728 1 3.7037 2.8317 2.8317 


x 107? x 10% x 107? 
Cubic Yards 46,656 27 1 ie 0.76455 
6.1023 3.5315 1.3080 


Cubic Centimeters x 10-2 x 1075 x 107° 1 107° 
Cubic Meters 61,023 35.315 1.3080 10° 1 
TABLE 1A2.4 


LIQUID VOLUME CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


: : Cubic ‘ 
Imperial Cubic : : Cubic 
(U.S.) | Gallons} (Oil) | Inches | Feet | Liters — Meters 


Fluid Ounces 
(U.S.) 


7.8125 6.5053 | 1.8601 : 
1 0.03125 x 10-3 x10 | x 107 1.8047 x 1073 0.029574 | 29.574 


0.20817 x 10-2 0.033420 | 0.94635 | 946.35 


Gallons 
(U.S.) 128 4 1 0.83267 
Impenial 


Gallons 153.72 4.8038 1.20095 


Barrels (Oil) | 5,376 168 42 


Cubic Inches | 0.55411 | 0.017316 x 1072 x10? | x 1074 x 10° 0.016387 | 16.387 x 1075 
Cubic Feet | 957.51 29.922 7.4805 6.2289 ; 0.17811 | 1,728 1 28.317 28,317 | 0.028317 
: 6.2898 =3 
Liters 33.814 1.0567 0.26417 | 0.21997 x 107? 61.024 0.035315 | 1 1,000 1x 10 


Cubic 
Centimeters 


Cubic 
Meters 


3.5315 


2.1997 | 6.2898 3.5315 | 9.991 ; aos 


x10-* | x 1976 0.061024 


0.033814 


33,814. 1,056.7 264.17 219.97 | 6.2898 35.315 


Note: According to ASME Guides SI-1 (22) and SI-4 (23), 
1ml=1 cu cm. 
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1A2.5-1A2.6 
TABLE 1A2.5 
MASS CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 
Units—> 2 Ounces Pounds Ounces Pounds Tons Tons : Metric 
| Grains | (ayoir)* | (Avoir)* | (Troy)t | (Troy)t | (Short)t | (Long)s | Grams | Kilograms| “+,7. 
3 2.2857 1.4286 2.0833 1.7361 7.1428 6.3776 6.4799 6.4799 
Grains 1 x 1072 x 10-4 x 10-2 x 1074 x 10-8 x 10-2 0.064799 x 10-5 x 10-8 
Ounces 3.125 2.7902 2.8350 
(Avoir)* 437.5 1 0.0625 0.91146 | 0.075955 | x, 10-5 x 1075 28.350 0.028350 | \ 1075 
Pounds -« | 4.4643 4.5359 
(Avoir)* 7,000 16 1 14.583 1.2153 5x10 x 10-4 453.59 0.45359 x 1074 
Ounces 3.4285 3.0612 3.1103 
(Troy)+ 480 1.0971 0.068571 | 1 0.083333 | 1072 x 10-5 31.103 0.031103 | Y 1073 
Pounds 4.1143 3.6735 3.7324 
(Troy)+ 5,760 | 13.166 0.82286 | 12 x 1074 x 107¢ 373.24 0.37324 x 10-4 
Tons 1.4000 9.0718 9.0718 
(Short)t x 107 32,000 2,000 29,167 1 0.89286 | \ 10° x 10? 0.90718 
Tons 1.5680 1.0160 1.0160 
(Long)§ x 107 35,840 2,240 32,667 2,722.2 1.1200 1 x 108 x 10? 1.0160 
2.2046 2.6792 1.1023 9.8421 = = 
Grams 15.432 | 0.035274 | \ 1072 0.032151 x 10-6 x 107” 1 107? 107° 
: 1.5432 1.1023 9.8421 -3 
Kilograms | |’ 10* 35.274 2.2046 32.151 2.6792 x 1073 x 10-4 1,000 1 107°. 
ee eres eae 
: 1.5432 | 3.5274 2.2046 3.2151 2.6792 
Metric Tons | 2397 x 104 x10? x 10° 1.1023 0.98421 |. 10° 1,000 1 
* Used for ordinary commodities. +Common in the United States and Canada. 
+ Used for drugs, jewels, precious metals. § Common in England. 
TABLE 1A2.6 
DENSITY CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 
Units> g Ib Ib Ib kg 
J cu cm cu in. cu ft gal (U.S.) cum 
—— 1 0.036127 62.428 8.3454 1000 
ee 27.680 1 1,728 231 27,680 
cu in. 
= 0.016018 5.7870 x 10-* 1 0.13368 16.018 
Ib 3 
gal (US) 0.11983 4.3290 x 10 7.4805 119.83 
we 0.001 3.6127 x 107° 0.062428 0.0083454 1 
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1A2.7-1A2.8 
TABLE 1A2.7 
PRESSURE CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 
Units—> | dynes Atmos- kg jmm Hg*| in. Hg* | Ib [force] ft H,O 
L sq cm Bars pheres | atOC at 32 F sqin. | at39.2F | Pascals 
dyns ~6 | 0.986923 | 1.01972 : 3.3457 | 
sq cm : 10 ' x 107° x 107° x107* | x 1075 x1075 | x 1075 0.10000 
Bars 10° 1 0.986923 | 1.01972 750.06 | 29.530 14.504 33.457 1x10 
Atmospheres enet 1.01325 | 4 1.0332 760 29.921 | 14.696 33.900 | Sera 


kg 
sq cm 


mm He* at 0 C 


: 980,670 


1.31579 


1,333.2 x 1073 


1 0.03937 0.019337 0.044605 


in. Hg at32 F | 33,864 0.033864 , 0.033421 0.03453 25.400 | 1 0.49116 1.1330 3,386.4 

al 68.948 0.068948 | 0.068046 | 0.070307 | 51.715 | 2.0360 1 2.3066 | 6,894.7 
Wid eae laa thet he hae et ae ke Noe lee 
ft H,O at 39.2 F | 29,889 0.029889 | 0.029499 | 0.030479 | 22.419 | 0.88265 | 0.43352 1 2,988.98 


9.86923 
x 107° 


1.01972 
x 107° 


Pascals 


*1 Torr=1 mm Hg. 


TABLE 1A2.8 


FLOW CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


gal (U.S.) | gal (U.S.) 
min hr 


bb! (42) 
min hr 


bbl (42) 
day 


liters 
sec hr 


gal (U.S.) 


1 60 -3 0.13368 1.4286 34.286 0.063090 0.22712 
min x 10 
gal (U.S.) 3.7133 2.2280 1.0515 3.7854 
a | 0.016667 1 x 1073 x 1072 0.023810 0.57143 «x 10-3 x 1073 
cu ft 2.6930 1.5388 
a 448.83 x 104 1 60 641.20 x 104 28.317 101.94 


at 7.4805 0.016667 1 10.686 256.47 0.47195 1.6990 
scm a 0.70000 42 10" 0.093576 1 24 0.044163 0.15899 
bbl (42) 6.4984 3.8990 
day 0.029167 1.7500 x 1075 be 1073 0.041667 1 x 1073 


liters 
sec 


cum 


0.035315 
a 


0.0098096 
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1A2.9-1A2.10 


TABLE 1A2.9 
KINEMATIC VISCOSITY CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 


column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


; ft sq cm sq cm 
Units a= —* sec sec x1¢° 
4 (Stokes) (Centistokes) 
af 1 2.778 x 107* 9.290 x 107? 0.2581 25.81 
“a8 3,600 3.345 x 10? 99 | 9.29x10 
a= 10.76 2.990 x 107? 1 2.778 277.8 
sq cm 
sec 3.875 1.076 x 1073 0.3600 1 100 
(Stokes) ! 
i= x 10? 3.875 x 1077 1.076 x 1075 3.600 x 1073 0.0100 1 
(Centistokes) 
TABLE 1A2.10 


ABSOLUTE VISCOSITY CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


: Ib Ib [force]-sec 8 x 19? kg 
Units—> — oa ee ea sec—cm 
| __ aii zh (Centipoises)* wii 


id 3,600 0.03108 1,488 §,357 
sec—ft 


— 2.778 x 107“ 1 8.634 x 107° 0.4134 1.488 
Ib ee 32.17 1.158 x 10° 1 47,880 1.724x 10° 


& x 19? 6.720 x 107* 2.419 2.089 x 1075 1 3.600 
sec-cm 
(Centipoises)* 


kg 1.867 x 107* 0.6720 5.801 x 1076 0.2778 1 
hr-m : 
‘4 ave Sct lea ? g : spena ate Sadek owe . ; ; ( g ) 
1 poise = 100 centipoises = 1 dec . Kinematic viscosity, in centistokes, times density rai at same temperature equals 
centipoises. 
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1A2.11 
TABLE 1A2.11 
ENERGY CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 
F Centi- 
: Inter- Liter 
Units> | Absolute - F LT. Horsepower- cu ft-lb [force] grade 
Joules oh onal AIOHES e clories Hours sq in. NOS Heat 
oules pheres Wai 

nits 

Absolute 9.4783 | 2.7778 3.7251 5.1220 9.8690 | 5.2657 
Joules | 1 SPIES | DEOL OSES erget | ea | 19-7 CTSPOOL. Sages’ cages age 
International 9.4799 | 2.7782 3.7257 5.1228 9.8706 | 5.2666 
Teules 1.0002} 1 0.23905 | 0.23889 x10-* | x 1077 x 10- 0.73768 x 1073 x 10732; x 10-4 

: 3.9657 | 1.1622 1.5586 2.1430 4.1292 | 2.2032 
Calories [4.1840 | 4.1833 {1 0.99935 |. 10-2 | x 107° x 107° 3.0860 x 1072 x 1072} x 103 
: 3.9683 | 1.1630 1.5596 2.1444 4.1319 | 2.2046 

IT. Calories | 4.1867 | 4.1861 |1.0007 /1 x1073? | x 1076 x 1078 3.0880 x 1072 «1077; x 1073 

British 

Thermal | 1,055.0 | 1,054.9 252.16 | 252.00 |1 cpa 3.2301 78.16 | 5.4039 ‘| 10.412 | 0.55556 


Units 


Absolute 
Kilowatt. | O00 | 3.5ee4 re” | 18,439 | 35,528 | 1,895.7 
Hours 


Horsepower- | 2.6845 
Hours x 10° 


cage sci | cage (2544.5 | 0.74570] 1 


13,750 26,494 | 1,413.6 


Foot-Pounds 1.2851 | 3.7662 5.0505 6.9444 | 1.3381 | 7.1394 
[Force] | 1-558 | 1.3556 | 0.32405 | 0.32384 /)-2851, | 3.7662 aot ios. hei le eo 
ara 195.24 | 195.21 | 46.663 | 46.633 Jo.issos | 3403 | 72727 aaa 1 1.9268 | 0.10281 
Liter | 2.8147 3.7745 5.3356 
Atmospheres | 101-33 | 101.31 |24.218 | 24,202 [0.096042] 28147 x10: (74-735: | 5.1900 1 Cae 
bel ate 1,898.8 | 453.89 | 453.59 |1.8 eves ne 1,400.7! 9.7269 | 18.742 11 
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1A2.12-1A2.13 
TABLE 1A2.12 
POWER CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 
| Metric . 
: Btu Btu ft-lb ft-lb Horse- Watts cal L.T.cal | joules (abs) 
ae hin hr cee power pons (Absolute) sec aS —eeewe 
Ee 1 60.00 12.969 778.16 | 0.023580 | 0.023908 | 17.584 4.2027 4.1999 17.584 
pie 0.016667 | 1 0.21615 | 12.969 | 3-9301 | 3.9846 | 9.29307 | 0.070045 | 0.069999 | 0.29307 
hr x10 x10 
ft-Ib 7.7105 1.8182 1.8434 
ae x 1072 4.6263 | 1 60.00 x 1073 x 10-2 1.3558 0.32405 | 0.32384 1.3558 
ft-lb 1.2851 3.0303 3.0723 5.4008 5.3973 
Ynin x 1073 0.77105 | 0.016667 | 1 x 1075 x 10-5 0.022597 x 1073 x 1073 0.022597 
Horsepower | 42.408 2,544.5 | 550.00 33,000 | 1 1.0139 745.70 178.23 178.11 745.70 
Metric 
H 41.828 2,509.7 | 542.48 32,549 | 0.98632 | 1 735.50 175.79 175.67 735.50 
orsepower | 
Watts 1.3410 1.3596 
(Absolute) 0.056869 3.4122 | 0.73756 | 44.254 | Y 107? x10— 1 | 0.23901 | 0.23885 1 
i 0.23794 | 14.277 | 3.0860 | 185.16 | 29108 | 35-6886 | 4 igao 1 0.99935 | 4.1840 
sec x10 x10 
TT.cal | 923810 | 14.286 | 3.0880 | 185.28 | 59145 | 5-6924 | 4.1867 | 1.0007 [1 4.1867 
sec x 10 x 10 | 
joules (abs) | 9 oseg69 | 3.4122 | 0.73756 | 44.254 | 13410 | 13506 |g 0.23901 | 0.23885 | 1 
sec x 10 x 10 
Notes: 


One boiler horsepower = 33,471.9 Btu per hr. 
One standard commercial ton of refrigeration = 288,000 Btu per day. 


TABLE 1A2.13 


SPECIFIC ENERGY CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


Units joules (abs) joules (int) cal LT. cal Btu 

{ g g 8 g Ib 
joules (or) 1 0.99984 0.23901 0.23885 0.42993 
joules 1.0002 1 0.23905 0.23889 0.43000 
cal 

= 4.1840 4.1833 1 0.99935 1.7988 
Btu 

ee | 2.3260 2.3256 0.55592 0.55556 1 
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1A2.14-1A2.15 


TABLE 1A2.14 
SPECIFIC ENERGY PER DEGREE CONVERSIONS 


To convert the numerical value of a property expressed in one of the units in the left-hand 
column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


: : : | 
' joules (abs) joules (int) cal I.T. cal | Btu 
re g-K e-K g-K g-K  To-deg F 
eR i | 0.99984 0.23901 0.23885 | 0.23888 
aE i 
ee 1.0002 1 0.23905 0.23889 | — 0.23889 
4 4.1840 4.1833 1 0.99935 } 0.99935 
a 6 a a a a a 
ot 2 | 4.1867 4.1861 1.0007 1 1 
Btu | 
Teena 4.1867 4.1861 ! 1.0007 1 ba 


TABLE 1A2.15 
HEAT FLUX CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 


column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


SS 
: Btu cal kg-cal watts (abs) | joules (abs) 
Units—> —— Paha bend Saal 
| hr-sq ft sec—sq cm | hr-sq m | sq cm sec-sq m 
| i aaa! BY ane 
Btu -5 —4 Hl 
1 7.5397 x 10 2.714 3.1546 x 10 3.1546 
hr-sq ft 
cal 
——— 13,263. 1 36,000 4.1840 41,840 
sec-sq cm 
sheesh, 0.3684 2.7778 x 10° 1 1.1622x10" 1.1622 
hr-sq m 
watts (abs) 3,170.0 0.23901 8,604.2 4 10,000 
sq cm é 
“F joules (abe) ub re eg 
Joules tabs) 0.31700 2.3901 x ~ 0.86042 1x 10+ 1 
sec-sq m 
SSS oe a Sh 
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1A2.16-1A2.17 


TABLE 1A2.16 
HEAT TRANSFER COEFFICIENT CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 


column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units. 


Unit Btu cal kg-cal watts (abs) joules (abs) 
aici hr-sq ft-deg F sec-sq cm—-K hr-sq m-K sq cm-K sec-sq m-K 


Btu — 4 
1.3571 x 10 4.8857 5.6783 x 10 5.6783 
= | 
al 7,368.4 1 36,000 4.1840 41,840 
sec-sq cm-K 
_—ke-cal _ 0.20468 2.7778 x 10° 1 1.1622 x 10“ 1.1622 
hr-sq m-K 
watts (abs) 1,761.1 0.23901 8,604.2 1 10,000 
sq cm-K 
joules (abs) 0.17611 2.3901 x 107 0.86042 1x 10“ 1 
sec-sq m-K 


TABLE 1A2.17 
THERMAL CONDUCTIVITY CONVERSIONS 
To convert the numerical value of a property expressed in one of the units in the left-hand 


column of the table to the numerical value expressed in one of the units in the top row of the 
table, multiply the former value by the factor in the block common to both units, 


Unite Bu Bu cal kg-cal watts (abs) joules (abs) 
a) hr — sq ft — deg Fperin. | hr — sq ft — deg F per ft | sec — sqem — K perem | hr ~ sqm — K perm | sqcm — K perem | sec — sqm — K perm 
ee 1 0.08333 3.4471 x 10-* 0.12410 1.4423 x 10 0.14423 
hr — sq ft — deg F perin. 
Btu -3 
owh=degFpet 12.000 1 4.1366 x 10 1.4892 0.017307 1.7307 
pont Leann 2,901.0 241.75 1 360 4.1840 418.40 
sec — sqem— Kpercm 
et ae 8.0582 0.67152 2.7778 x 107 0.011622 1.1622 
hr - sqm ~ Kperm 
watts (abs) 
sqem — Kpercm 
2 cTpeS tae) 2.3901 x 107° 0.86042 1 
sec —sqm—kperm 
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LETTER SYMBOLS FOR THE PRINCIPAL CONCEPTS USED IN CHEMICAL ENGINEERING 


TABLE 1B1.1 


The letter symbols for the concepts most widely used in chemical engineering are listed on 
the following pages. 

A letter symbol is a single letter used to represent a primary concept for a physical 
quantity, and it may be used with a subscript or superscript. A subscript may designate a place 
in space or time, a system of units, or a constant or reference value. A superscript may 
designate a dimensionless form, a reference or equilibrium value, a sequence in time or 
space, or a mathematical identification (average value, derivative, tensor index). The sym- 
bols are listed under categories which are basic to all operations and processes. An alphabet- 
ical listing of the symbols is given in Table 1B1.2. 

The list has been adapted from the official tables of the American Institute of Chemical 
Engineers and of the American National Standards Institute. Suitable modifications have 
been made in the units to conform with the editorial policies of the American Petroleum 
Institute. Several additions have been made for symbols used frequently in this book. Listing 
is alphabetical by concept within each category. Illustrative units or definitions are supplied 
where appropraite. 


General Concepts 


1B1.1 


Symbol Unit or Definition Symbol Unit or Definition 
Acceleration ........ a ft per sec per sec Newton law of motion, 

Of gravity......... g ft per sec per sec conversion factor in g. & =ma/F, (Ib) (ft per sec 
Acentric factor ...... w per sec) per ib [force] 
Base of natural Number 

logarithms ........ e In general......... N 
Coefficient........,. c Of moles ......... n 
Difference, finite .... A Pressure ............ P Ib [force] per sq ft; atm; ‘o 
Differential operator. d [force] per sq in. (abs) 

Partial............ a Quantity, in general.. Q 
Efficiency........... n Radius of gyration... R 
Energy, dimension... E Btu; ft-lb [force] Ratio, in general. .... R 
Enthalpy............ H Btu Refractive index ..... n 
Entropy ............ A) Btu per deg R Resistance .......... R 
POLO eva cakes F Ib [force] Shear stress ......... T Ib [force] per sq ft 
Fugacity Coefficient.. Temperature 
Function............ 6, b,x Absolute.......... T K; deg R 
Gas constant, Dimension of...... 8 

universal.......... R To distinguish, use Rp In general......... Tt deg C; deg F 
Gibbs free energy. . G,F G=H-TS, Btu Temperature 
cs [F-\ Coenen re ae Q Btu difference, _ 

Helmholtz free energy A A=U-TS, Btu logarithmic mean .. 6 deg F 
Internal energy ...... U Btu Time 
Mass, dimension of ... m Ib Dimension of...... T Sec 
Mechanical equivalent In general.......,. t7 sec; hr 
of heat. J ft-Ib [force] per Btu Watson characteri- 
Moment of inertia... / Ib-ft? zation factor ...... K 
Work... ee. eee eee. WwW Btu 


Geometrical Concepts 


Symbol Unit or Definition Symbol Unit or Definition 
Angle .............. a, 4,0 In general......... A sq ft 
In x,y plane....... « Projected ......... Ap sq ft 
In y,z plane....... b Surface 
In z,x plane....... 8 Per unit mass.... A,, 5 sq ft per Ib 
Solid angle........ w Perunit volume.. A,,a sq ft per cu ft 
Area Linear dimension 
Cross-section. ..... RY sq ft Breadth .......... b ft 
Fraction free cross- Diameter ......... D ft 
Section ......... co Distance along 
path............ 5, Xx ft 
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1B1.1 
TABLE 1B1.1 (Continued) 
General Concepts—(continued) 


Symbol Unit or Definition Symbol Unit or Definition 
Height above Mean free path.... A cm; ft 
datum plane..... Z ft Radius ........... r ft 
Height equivalent.... H ft (Use subscript p for Thickness 
equilibrium stage and In general....... B ft 
t for transfer unit.) Of film ......... B; ft 
Hydraulic radius... ry ft; sq ft per ft Wavelength ....... a cm; ft 
Lateral distance Other 
from datum Particle-shape 
plane........... Y factor .......... >; 
Length, distance or Volume 
dimension of .... L ft Fraction voids ..... € 
Longitudinal dis- Humid volume .... vr cu ft per Ib dry air 
tance from datum In general......... V cu ft 
plane........... x ft 
Intensive Properties 
Symbol Unit or Definition Symbol Unit or Definition 
Absorptivity for At constant 
radiation. ......... a volume ......... Cy Btu per (Ib) (deg F) 
Activity. ..........-. a Heat capacities, ratio 
Activity coefficient, Oleyes teh eee ¥y 
molal basis........ Y Helmholtz free 
Coefficient of energy............ A Btu per Ib 
expansion Humid heat......... Cs Btu per (lb dry air) (deg F) 
Linear.......... a ft per ft per deg F Internal energy ...... U Btu per Ib 
Volumetric...... B cu ft per cu ft per deg F Latent heat, phase 
Compressibility change ........... d Btu per Ib 
fACION 2 cig ats Fe 5 Zz z =pV/RT Molecular weight .... MW 
Density..........--- p Ib per cu ft Reflectivity for 
Diffusivity radiation.......... p 
Molecular, Surface tension ...... o Ib [force] per ft 
volumetric .......- D., 8 — cw ft per (hr) (ft); sq ft Thermal ; 
per hr conductivity....... k Btu per (hr) (sq ft) (deg F 
Thermal .......... a a = k/cp, sq ft per hr per ft) 
Emissivity ratio for Transmissivity of 
radiation.......... € radiation.......... T 
Enthalpy............ H Btu per Ib Vapor pressure ...... p* Ib [force] per sq ft; atm; Ib 
Entropy ........e66 § Btu per (Ib) (deg R) [force] per sq in. (abs) 
Fugacity ............ f Ib [force] per sq ft; atm Viscosity 
Gibbs free energy.... G, F Btu per Ib Absolute or coeffi- 
Heat capacity ....... c Btu per (Ib) (deg F) cient of......... p Ib per (sec) (ft) 
At constant Kinematic. ........ v sq ft per sec 
pressure ........ Cp Btu per (ib) (deg F) Volume, per mole ... V cu ft per lb-mole 
Symbols for Concentrations 
Symbol Unit or Definition Symbol Unit or Definition 
Absorption factor.... A A=L/KV At saturation...... H,, Y* Ib per Ib dry air 
Concentration, mass At wet-bulb . 
or moles per unit temperature. .... H.., Y. Yo per ib dry air 
volume ........... c Ib per cu ft; lb-moles per Mass concentration of 
cu ft particles .......... Cp Ib per cu ft 
Fraction Moisture content 
By volumes ....... xy Equilibrium water 
By weight......... Xw to bone dry 
Cumulative beyond SOCK oe 555 Ses x* Ib per Ib dry stock 
a given size ..... ti) Free water to bone- 
Humidity ........... H, Yn Wb per Ib dry air dry stock ....... x Ib per dry stock 
At adiabatic satura- Total water to bone- 
tion temperature. H,, Y, Ib per Ib dry air dry stock ....... Xr Ib per Ib dry stock 
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1B1.1 
TABLE 181.1 (Continued) 
Symbols for Concentrations—(continued) 


Symbol Unit or Definition Symbol Unit or Definition 
Mole or mass fraction Relative distribution 
In heavy or extract of two components 
phase........... x Between two 
In light or raffinate phases in 
phase........... y equilibrium ... « a= KK, 
Mole or mass ratio Between 
In heavy or extract successive (vdy,) 
pe ee x stages ........ B Ba ees 
In ae or raffinate ¥ Relative humidity... Hp, Ry int 
Pe een ee Slope of equilibrium 
Number concentration te 
of particles........ np, number per cu ft Strip Ae fictok Seal S $ a. RIL 
Phase equilibrium i es ae . 
Tatio ............. K K=y"/x 
Symbols for Rate Concepts 
Symbol Unit or Definition Symbol Unit or Definition 
Mass transfer Quantity per unit time, 
coefficient unit area 
Individual... .... k Ib-moles per (hr) (sq ft) Emissive power, 
(driving force) total.......... Ww Btu per (hr) (sq ft) 
Gas film........ ke To define driving force, Mass velocity, 
Liquid film...... ky use subscript: average....... G G = wiS, lb per (sec) (sq ft) 
Overall ........... K c for lb-moles per cu ft Vapor or 
Gas film basis... Ke p for atm light 
Liquid film basis. Kz, x for mole fraction phase..... G, Ib per (hr) (sq ft) 
Quantity per unit Liquid or 
time, in general.... q heavy 
Angular velocity. w phase. .... L, 1b per (hr) (sq ft) 
Feed rate ....... F Ib per hr; Ib-moles per hr Radiation, in- 
Frequency ...... f. Ne tensity of ..... I Btu per (hr) (sq ft) 
Friction velocity... u* u* =(g,7.p)'”, ft per sec Velocity 
Heat transfer Nominal, basis 
TALE ioe ies qd Btu per hr total cross- 
Heavy or extract section of 
phase rate .... L Ib per hr; lb-moles per hr packed 
Heavy or extract vessel ...... Vs ft per sec 
product rate... B Ib per hr; lb-moles per hr Volumetric 
Light or raffinate average....... V, cu ft per (sec) (sq ft); ft 
phase rate .... V 1b per hr; lb-moles per hr : . per sec 
Light or raffinate Quantity per unit 
product rate... D Ib per hr; lb-moles per hr time, unit volume 
Mass rate of flow.. w Ib per sec; ib per hr Quantity reacted 
Molal rate of per unit time, 
transfer......... N Ib-moles per hr reactor 
Power ............ P ft-lb [force] per sec volume ....... Ne mole per (sec) (cu ft) 
Revolutions per unit Space velocity, 
time............ n volumetric .... A cu ft per (sec) (cu ft) 
Velocity Quantity per unit 
In general....... u ft per sec tume, unit area, unit 
Instantaneous, driving force, in 
local general........... k 
Longitudinal Eddy diffusivity... 8, sq ft per hr 
(x) com- Eddy viscosity... ve sq ft per hr 
ponent of. u ft per sec Eddy thermal 
Lateral (y) diffusivity ..... Og sq ft per hr 
component Heat transfer 
Ofcaniese ee v ft per sec coefficient 
Normal (z) Individual... h Btu per (hr) (sq ft) (deg F) 
component Overall ..... U Btu per (hr) (sq ft) (deg F) 
Ofc w ft per sec Stefan-Boltzmann 
Volumetric rate constant .......... o 0.173 x 107° Btu per (hr) 
of flow ..... gq cu ft per sec; cu ft per hr (sq ft) (deg R)* 
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1B1.1 
TABLE 1B1.1 (Continued) 
Modifying Signs for Principal Symbols 
Concept Remarks Superscript Subscript Concept Remarks Superscript Subscript 
Average value Written over —— (Bar) Partial molal Written over —s(Barr) 
symbol quantity small 
Dimensionless Follows symbol ~* (Plus) capitals 
form Sequence in time 
Equilibrium Follows symbol * (Asterisk) or space Follows symbol ‘ (Prime) 1.2.3, ete. 
value “ (Double 
Fluctuating Usually applied prime) 
component to local ’ (Prime) Standard state Follows symbol ° (Degree) 
velocity First derivative 
Initial or refer- with respect to Written over - (Dot) 
ence value Follows symbol o (Zero) time symbol 
Modified form Follows symbol ' (Prime) Second deriva- Whitten over -+ (Double 
" (Double tive with re- symbol dot) 
prime) spect to time 
Molal quantity Written over ~ (Tilde) 
symbol 
Dimensionless Numbers Used in Chemical Engineering 
Symbol Unit or Definition Symbol Unit or Definition 
Condensation h {v?\"* hk (v2 \° Peclet number....... Np Lucp Lu DV 
number........... New k\a "k\e k on 0 
Euler dumber s.nic2s New BP 8ePP Prandtl number...... Np, Cie 
aye? 2 k a 
pur’ G : ; x = 
Fanning friction gepD (Ap,) Prandtl velocity ratio. u Es 
factor ............ f 2G7(AL) u 
Reynolds number.... Nae Lup DG 
Fourier number...... Nro kt cu a 
7 or PR ld Bw 
a : Reynolds number, ru*p 
Froude number...... Ne WO ue local’ 20.2 dee oe y* Bh 
aL’ gL : 
Graetz number ...... Neg. cLG LV Schmidt number .... . Nse BL 
ee pD. 
Grashof number ..... Nex L'pBg At Be E’pg At Sherwege-aumber Nsw — or ju (Nre) (Nee)? 
H v 
Heat transfer factor.. jy h {cp \” 35 Stanton number ..... Nx hh 
: ca lk or (Ns,) (Ner) cpu’cG 
: Vapor condensation L?p*gh 
Lewis number....... Nie k oOo 7~FPS* 
ead: orn number........... No Kyat 
Mass transfer factor.. jx ke ( Be y° Weber number ...... Nwe  Lu?p. DG? 
u \pD, &eo * gepo 
Nusselt number...... Nu. RL kD 
k’ k 


Note: Pounds mass is abbreviated as lb and pounds force as lb[force] 
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TABLE 1B1.2 


1B1.1 


ALPHABETICAL INDEX OF SYMBOLS USED IN CHEMICAL ENGINEERING 


Primary Concept 
a Acceleration 
Activity 
Area, alternate for 
Surface per unit volume 


A Absorption factor 
Area 
Helmholtz free energy 


b Breadth 


B Heavy product rate 
Thickness 


c Concentration, mass or moles 
per unit volume 
Specific heat, heat capacity 


C Coefficient 
d Differential operation 


D Diameter 
Diffusivity 
Light or raffinate product rate 


e Base of natural logarithms 
E Energy 

Dimension of 

In general 


f Frequency 
Friction factor, Fanning 
Fugacity 


F Feed rate 
Force 
Gibbs free energy 


g Acceleration of gravity 


G Gibbs free energy 
Mass velocity 
In general 
Of vapor 


h Individual coefficient of heat 
transfer 


H  Enthalpy 
Height equivalent 
Humidity 


1987 


Subscript Concept 


Acoustic 
Adiabatic 
Arithmetic 


Absolute 
Area basis 
Component A 
Baffle 

Base 


Normal boiling point 


Black body 
Boiling point 
Component B 


Concentration basis 


Contraction 
Conversion factor 
Critical 

Cutoff size 
Component C 


Discharge 
Disperse 
Drop 

Dry 
Component D 
Distillate 


Effective 
Exit 
Component E 


Eddy 
Entrainment 
Film 

Fluid 
Frequency 
Friction 
Feed 


Gage 
Gravity 
Vapor 


Vapor 
Vapor film basis 


Heat 
Heated 


Heat basis 
Humidity 
Hydraulic 
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Primary Concept Subscript Concept 


Generalized 
component 

Interface 

Internal or inner 


Intensity of radiation 
Moment of inertia 


Transfer factor Generalized 


component 
Mechanical equivalent of heat 


Mass transfer coefficient, indi- 
vidual 

Quantity per unit time, unit 
area, unit driving force, in 
general 

Thermal conductivity 


Watson characterization factor 

Mass transfer coefficient, 
overal] 

Phase concentration ratio 


Heavy or extract phase rate 
Length 
Mass velocity of liquid or heavy 
phase 
Mass 
Dimension of 
In general 
Slope of equilibrium curve 


Liquid 
Liquid film basis 


Mass 
Mean 


Mass basis 
Molecular 


Molecular weight 


Number concentration Generalized stage 


Number of moles number 
Refractive index 
Revolutions per unit time 
Molal rate 
Number, in general 
Initial 
Outer 
Overall 
Pressure Constant pressure 
Particle 
Plate or stages 
Pressure basis 
Projected 
Power 


Pseudocritical 


Quantity per unit time, in gen- Rate basis 
eral 

Rate of heat flow 

Rate of volumetric flow 
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Primary Concept 


Heat 
Quantity, in general 


Radius 


Gas constant 
Ratio, in general 
Reflux ratio 
Resistance 


Radius of gyration 


Distance along path 
Specific surface 


Cross-section 
Entropy 
Stripping factor 


Temperature 
Time 


Absolute temperature 
Temperature, in general 


Longitudinal component of 
local velocity 
Velocity, in general 


Heat transfer coefficient, 
overall 
Internal energy 


Lateral component of local 
velocity 

Nominal velocity 

Specific volume 


Light or raffinate phase rate 
Volume, in general 
Volumetric average velocity 


Mass flow rate 
Normal component of local 
velocity 


Work 
Total emissive power 


Distance along path 

Fraction 

Mole or mass fraction in heavy 
or extract phase 


Longitudinal distance from 
datum plane 

Mole or mass ratio in heavy or 
extract phase 


Mole or mass fraction in light 
or raffinate phase 

Humidity 

Lateral distance from datum 
plane 


TABLE 1B1.2 (Continued) 


Subscript Concept 


Radius or radial 
Reduced 


Radiation 
Reactor volume basis 
Relative value 


Saturation 
Shape 

Stress 
Surface basis 


Cross-section basis 
Solid 
Solvent 


Tangential 
Terminal 
Transfer unit or units 


Constant temperature 
Total 


Upper 


Constant volume 
Velocity basis 
Volumetric 


Vapor 


Mass basis 
Wet bulb 


Mole fraction basis 


Mole ratio basis 


Y 


R 


fool] 


Primary Concept 


Mass or mole ratio in light or 
raffinate phase 


Compressibility factor 
Height above datum plane 


Absorptivity for radiation 

Angle 

Angle in x,y, plane 

Coefficient of linear expansion 

Relative distribution of two 
components between two 
phases at equilibrium 

Thermal diffusivity 


Coefficient of volumetric 
expansion 

Relative distribution of two 
components between succes- 
sive stages 


Activity coefficient, molal 
basis 

Ratio of heat capacities 

Differential operator, partial 

Diffusivity, volumetric 

Difference, finite 


Emissivity ratio for radiation 
Fraction voids 


Efficiency 


Angle 
Angle in z,x plane 
Temperature, dimension of 


Log mean temperature differ- 
ence 


Latent heat of phase change 
Mean free path 
Wavelength 


Volumetric space velocity 
Viscosity, absolute 
Viscosity, kinematic 


Density 
Reflectivity for radiation 


Fraction free cross-section 
Stefan-Boltzmann constant 
Surface tension 


Shear stress 
Time, alternate for 
Transmissivity for radiation 


Angle 

Angle in y,z plane 

Fraction cumulative, larger 
than a given size 

Function 

Fugacity coefficient 

Particle factor 


Subscript Concept 


Film basis 


At constant viscosity 


Density basis 
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Primary Concept Subscript Concept Primary Concept 


x Function 


1¢ 
TABLE 1B1.2 (Continued) 


Subscript Concept 


@ Acentric factor 


F Angular frequency 
" Fusieuon Angular velocity 
Solid angle 
Greek Alphabet 
A a Alpha I L Tota Pp ) Rho 
B B Beta K K Kappa = o Sigma 
r Y Gamma A x Lambda T 7 Tau 
A 6, a Delta M i Mu Y v Upsilon 
E € Epsilon N v Nu ® o Phi 
Zz r4 Zeta = é Xi Xx x Chi 
H n Eta oO 0 Omicron Y wu Psi 
8 8 Theta TI 7 Pi 0] w Omega 
SECTION 1C. PROPERTY DEFINITIONS 

The data in Chapter 1 are divided into four main tables, as listed below: 

1C1 Hydrocarbons—Primary Properties 

1C2 Hydrocarbons—Secondary Properties 

1C3 Nonhydrocarbons—Primary Properties 

1C4 Nonhydrocarbons—Secondary Properties 

A list of properties included in the data tables as well as a definition of the property and 
any other pertinent information follows. 

1. Compound name. 
2. Chemical formula. 
PRIMARY TABLE PROPERTIES 
3. Molecular weight (MW) based on IUPAC “Atomic Weights of the Elements,” 1986 (102). 
4. Boiling point at one atmosphere in degrees Fahrenheit. 
5. Freezing point in air at one atmosphere in degrees Fahrenheit. 
6. Critical properties. 

The conditions of equilibrium for coexisting vapor and liquid phases of a pure substance 
are defined on a pressure-temperature diagram by the vapor pressure curve. This curve starts 
at the triple point, where vapor, liquid, and solid phases are in equilibrium, and ends at the 
critical point. As the critical point is approached by the coexisting phases, their properties 
approach each other until they become identical at the critical temperature and pressure, 
where a single homogeneous phase is present. 

Values of critical temperature in degrees Fahrenheit, pressure in pounds per square inch 
absolute, volume in cubic feet per pound, and compressibility factor are given. 

Further information on critical properties is given in Chapter 4. 
7. Acentric Factor 
The acentric factor is calculated from the definition: 

w = ~log P%o.7 ~1.000 
Where: 
w = acentric factor. 
Pro.7 = the reduced vapor pressure at a reduced temperature, 7,, of 0.7, P*/P. 
P* = vapor pressure, in pounds per Square inch absolute. 
' P.*= critical pressure, in pounds per square inch absolute. 
1-19 
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T, = reduced temperature, 77T-. 
T = temperature, in degree Rankine. 
T, = critical temperature, in degrees Rankine. 
‘When vapor pressure data were not available at 7, = 0.7, Procedure 2A1.1 was used. 
Further information on the acentric factor is given in Chapter 2. 


8. Density of Liquids 


. : _ __ (60 F, Ib/gal) 
Specific gravity, 60 F/60 F p(water, 60 F, ib/gal) 
__ p(60 F, Ib/gal) 
SP 8.33718 

Where: 

p= liquid density. 

Liquid densities at 60 F are given in pounds per gallon at one atmosphere when 60 F is 
below the normal boiling point or at saturation pressure when 60 F is at or above the normal 


boiling point. For compounds that are solid at 60 F, the liquid density is the liquid value 
extrapolated back to 60 F. 


Densities at other temperatures can be calculated from the density at 60 F by 


60 
p(T deg F) =O) 
+ly (Gr), 7- 
Where: 
T = temperature, in degrees Fahrenheit. 
1 (2Y\ = coefficient of expansion, in degrees Fahrenheit~'. 
V \eT), 


API gravity is defined as: 


141.5 
deg API = —— — 131.5 
id Sp gr 


Further information on liquid density is given in Chapter 6. 


9. Refractive Index of Liquids 


Values of the refractive index, no, of the air saturated hydrocarbon relative to air at the 
sodium D-line (5892.6A) are reported at 77 F. 


10. Vapor Pressure 

Vapor pressure is the pressure at which the vapor phase of a substance is in equilibrium 
with the liquid phase of that substance at a specified temperature. Values of vapor pressure 
at 100 degrees F are reported in units of pounds per square inch absolute. 

Further information on vapor pressure is given in Chapter 5. 


11. Heat Capacity of the Liquid and Gas 


Heat capacities at constant pressure are reported for the liquid and ideal gas at 60 F and 
1 atm pressure. These are related to the enthalpy by: 


- (2H 
o-(5t), 


The observed heat capacity for a saturated liquid or vapor is C,. This may be converted to 
the heat capacity at constant pressure by: 


Where: 


dP*/dT = the temperature derivative of the vapor pressure, in pounds per square inch 
absolute per degree Rankine. 


When values of the ideal gas heat capacity calculated from spectroscopic data were not 
available, they were predicted by the second order method of Benson using the CHETAH 
program (31). Heat capacities are reported in units of British thermal units per pound- 
degree F. For compounds where the normal boiling point is below 60 F, liquid heat capacity 
is reported at the saturation pressure. 

Further information on heat capacity is given in Chapter 7. 


1997 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER J-ENGL 1997 MM 0732290 OSbbb11 767 


: 1c 
12. Viscosity of Liquids 

The kinematic viscosity in centistokes is reported at 100 F and 210 F and 1 atmosphere pressure. 
The kinematic viscosity, v, is related to the absolute viscosity, j1, by: 


Ht (poise) 


” Gok) =p (gmieu em) 


Where: 

p = liquid density. 

Further information on viscosity is given in Chapter 11. 
13. Heat of Vaporization 

The heat of vaporization, A, is defined as the enthalpy of the real gas at the equilibrium vapor 
pressure, minus the enthalpy of the liquid at the same pressure and temperature. When experimental 
data were not available, A was predicted at the normal boiling point by the Clapeyron Equation: 

dP* 


A= (S rey -V, ) (144/778) 


Where: 
4 = latent heat of vaporization, in Buy/Ib. 
P* = pure substance vapor pressure, in psia. 
T = temperature. in degrees Rankine. 
V, = specific volume of saturated vapor. in fr/b. 
V, = specific volume of samurated liquid, in f2/b. 
_ 144/778 = conversion factor. : 
The heat of vaporization is reported in units of Btu/Ib. 
Further information on heat of vaporization is given in Chapter 7. 
14. Net Heat of Combustion of the Liquid 
Hydrocarbons: 
The net heat of combustion at 77 F, AH., is the change in enthalpy for the reaction: 


GyHy Giguid, 77F, 1 aum) + { a+ 3 Yo, (gas, 77F, 1 asm) = 


a CO, (gas, 77 F, 1 atm) + 5H0 (gas, 77 F, 1 aun) 


Net heat of combustion is related to gross heat of combustion by the relationship: 


AH B = b Mat (H50) 
, (net, Buyvib) = AH. (gross, Bru/ib) — ( 3 a iE) 


Where: 


« 


4, = heai of vaporization of water at 77 F and samuration pressure = 1,050.0 Brwlb (20). 


For compounds which are gaseous at 77 F and 1 atm (ie..C 1 to Cs hydrocarbons), the net heat of 
combustion of the vapor is given. This is related to the net heat of combustion of the liquid as follows: 
OH, (vapor) = AH, (quid) +A 

Where: 
i. = heat of vaporization at 77 F, in Bta/b. 
Nonhydrocarbons: 
For nonhydrocarbons, the standard combustion products are: 
co, (gas) 
H,0 (gas) 
F2 (gas) 
Ch (gas) 
Bry (gas) 
Ip (gas) 
SO, (gas) 
Nz (gas) 


Net heats of combustion for nonhydrocarbons are calculated from the change in enthalpy upon 
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For compounds where the heat of formation was not available, the net heat of formation 
was predicted by the second order method of Benson using the CHETAH program (31) 
after which the heat of combustion as calculated from the definition. 

Net heat of combustion at 77 F is reported in units of British thermal units per pound. The 
heat of combustion is defined as the heat evolved; therefore, the values for heat of com- 
bustion in this chapter are positive. 

Further information on heat of combastion is given in Chapter 14. 

15. Surface Tension of the Liquid 

Surface tension is the tension exhibited by the free surface of a liquid. 

The liquid surface tension at 77 F is reported in units of dynes per centimeter. 

Farther information on surface tension is grven in Chapter 10. 

SECONDARY TABLE PROPERTIES 
16. Search Number 
This number is for compound identification and is used only with the computerized version 
of the data tabies. 
17. Solubility Parameter 
The solubility parameter is defined by: 
AU™?\I2 
-( ve ) 
Where: 
4U™ = internal energy change on vaporization to the ideal gas, in cal/mol. 
V+ = liquid moiar volume at 25 C, in cm*/mol. 
An approximanon of the internal energy change yields: 
A-RT\ 
a ( ve 
Where: 
4 = heat of vaporization at 25 C, in cal/mol. 
V+ = liquid molar volume at 25 C, in cm’/mol. 
R = gas constant = 1.9872 cal/mol -K. 
T = absolute temperature, 298.15 in kelvins. 
The above equation was used to calculate solubility parameters in units of (calem?)*. 
18. Flash Point Temperature ce 

The flash point of a liquid or solid is the lowest temperature at which sufficient vapor is 
given off through evaporation or sublimation to form an ignitable mixture with the air near 
the surface of the liquid or in the vessel used. Flash point temperatures are given in degrees 
Fahrenheit. 

19. Heat of Formation 

Heat of formation of a hydrocarbon, C,H, in the ideal gas state is reported at 77 F in units 
of British thermal units per pound. Heats of formation of the hydrocarbon in the liquid state 
are related to those in the ideal gas state by the following equation: 

AH;* (Buvib) = AH (Bib) — A (Bub) 
Where: : 

4 = the heat of vaporization at 77 F. 

To derive a liquid heat of formation of a hydrocarbon, CH,, from a heat of combustion, 
the following equations, which neglect pressure corrections, can be used: 

AH;* (Bru/lb) = AH, (net, Brv/b) 
Mw (CO;) b MW (H:20) 
+a———"——"_ AH, 5 2 
aw (C.He) f (CO, gas) + 3MwW (C,H) AR; (H:0, gas) 

! 3844.28 5770.9 b 

ASH/;* (Btu/lb) = AH, (net, Boab) — ————="— (44) g~- — 2 5 

f ( ) ¢ ) MW (C.He) ( ) a MW (C.He) (18) 3 
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Where: - 
AH. = vet heat of combustion, in British thermal units per pound. 


MW = molecular weight, in pound per pound mole. 
4H, = heat of formation at 77 F. 


~3844.28 Bulb = heat of formation of CO, gas, in British thermal units per pound. 
—-5770.9 = heat of formation of HS gas, in British thermal units per pound (20). 
The heats of formation of nonhydrocarbons are obtained using the same techniques with standard 
products of combustion as given earlier. Values are taken from DIPPR Compilation where available. 


For compounds where heats of formation were not derived from experimental data, heats of 
formation were predicted by the second order method of Benson using the CHETAH program (31). 


20. Gibbs Free Energy of Formation 
The Gibbs free energy of formation for the ideal gas state is reported at 77 F in units of British 
thermal umits per pound. 
21. Heat of Fusion _ 
The heat of fusion is reported ar 77 F in units of British thermal units per pound. 
22. Flammability Limits 
Lower and upper limits of flammability are reported as volume percent in a mixture with air. 
When experiments] data were not available, lower flammability limits were predicted by the 


method of Shebeko et al. (36), and upper flammability limits were predicted by the DIPPR Com- 
pulation method (8). 


SECONDARY TABLES—HYDROCARBONS ONLY 


23. Coefficient of Expansion 
The coefficient of expansion is calculated by the definition: 


1f av 
a is] 
P 
Values are reported at 60 F in units of (deg FY"!. 


24. Aniline Point 


The aniline point of a petroleum product is the critical solution temperature of a mixture of equal 
volumes of aniline and the hydrocarbon. It is the lowest temperature at which a peoleum product is 
completely miscible with an equal volume of freshly distilled aniline. 

The aniline point is reported in degrees Fahrenheit. 

25. ASTM Octane Numbers 
The octane number of a motor fuel indicates its relative tendency to knock under specified 


conditions of laboratory engine operation. It is equal to the percentage of iso-octane in the reference 
fuel whose knock characteristics equal those of the sample under test. 


Octane numbers are reported for both the motor method and the research method of testing, and 
for both clear and solutions with 3 ml TEL per gallon added. 


26. Watson K Factor 


The Watson characterization factor, K, is defined by the equation: 


K = (MeABP)!” : 
Sp 
Where: a 
MeABP = mean average boiling point, the normal boiling point for a pure component, in degrees 
Rankine. 


Further information on the Watson characterization factor is given in Chapter 2. 
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TABLE 1C0.1 
INDEX OF COMPOUNDS 
100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
ACENAPHTHALENE ACENAPHTHALENE 471 
ACENAPHTHENE ACENAPHTHENE 472 
ACENAPHTHYLENE ACENAPHTHALENE 471 
ACETALDEHYDE ACETALDEHYDE 729 
ACETENE ETHYLENE 192 
ACETIC ACID ACETIC ACIO 701 
ACETIC ALDEHYDE ACETALDEHYDE Teo 
ACETIC ETHER ETHYL ACETATE 755 
ACETIDIN ETHYL ACETATE 735 
ACETONE ACETONE 821 
er 
ACETONITRILE ACETONITRILE 744 
ACETOXYETHANE ETHYL ACETATE 75 
1-ACETOXYETHYLENE VINYL ACETATE 757 
1-ACE TOXYPROPANE n-PROPYL ACETATE 759 
ACETYLENE ACETYLENE : 322 
i 
ACRALDEHYDE ACROLEIN 732 
ACRIDINE ACRIDINE 751 
ACROLEIN ACROLEIN 732 
ACRYLIC ALDEHYDE ACROLEIN 732 
ADAKANE 12 n-DOOECANE 74 
AETHYLIS CHLORIDUM ETHYL CHLORIDE 818 
AIR AIR 770 
ALGOFRENE TYPE 2 DICHLOROO I FLUOROME THANE 800 
ALLENE PROPADIENE 290 
ALLYLENE METHYLACETYLENE 323 
ALLYL ALDEHYDE ACROLEIN 732 
ALLYLIC ALCOHOL ACETONE 821 
AMINIC ACID FORMIC ACID 700 
AMINOBENZENE ANILINE 767 
1-AMINOBUTANE n- BUTYLAMINE 739 
2-AMINOBUTANE sec-BUTYLAMINE 744 
AMINOE THANE ETHYLAMINE 736 
1-AMINOETHANE ETHYLAMINE 736 
2-AMINOETHANOL MONOETHANOLAMINE 853 
beta-AMINOETHYL ALCOHOL MONOE THANOLAMINE 853 
2-AMINOISOBUTANE tert-BUTYLAMINE 742 
AMINOMETHANE METHYLAMINE 735 
1-AMINO-2-METHYLPROPANE ISOBUTYLAMINE 740 
2-AMINO-2-METHYLPROPANE tert-BUTYLAMINE Th2 
AMINOPHEN ANILINE 47 
1-AMINOPROPANE 1,2-PROPYLENE GLYCOL 850 
2-AMINOGPROPANE ISOPROPYLAMINE 738 
AMMONTA AMMONIA 771 
AMYL ACETATE N-PENTYL ACETATE 762 
n-AMYL ACETATE N-PENTYL ACETATE 762 
AMYL ACETIC ESTER N-PENTYL ACETATE 762 
AMYL ACETIC ETHER M-PENTYL ACETATE 762 
AMY! ALCOHOL 1-PENTANOL 717 
n-AMYL ALCOHOL 1-PENTANOL T17 
sec-AMYL ALCOHOL 2-PENTANOL 718 
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TABLE 1C0.1 (Continued) 


COMPOUND 


100.1 


TABLE ENTRY NAME TABLE SEQUENCE NUMBER 


SS es = 


tert-AMYL ALCOHOL 2-METHYL-2-8UTANOL 720 

tert-n-AMYL ALCOHOL 2-METHYL-2-BUTANOL 720 

AMYLENE 2-METHYL-2-BUTENE 203 

alpha, beta-AMYLENE 2-METHYL -2-BUTENE 203 

cis, beta-AMYLENE cis-2-PENTENE 199 
eee 

trans, beta-AMYLENE trans-2-PENTENE 200 

AMYLENE HYDRATE 2-METHYL-2-BUTANOL 720 

AMYL HYDROSULFIDE 1-PENTANETHIOL 841 

n-AMYL MERCAPTAN 1-PENTANETHIOL 81 

AMYL SULFHYDRATE 4-PENTANETHIOL 841 

AMYL THIOALCOHOL 4-PENTANETHIOL 841 

ANILINE ANILINE 747 

ANHYDROL ETHANOL 710 

ANHYDROUS HYDROBROMIC ACID HYDROGEN BROMIDE 782 

ANHYDROUS HYDROFLUORIC ACID HYDROGEN FLUORIDE 785 
a em Ne Oren a a 

ANTHRACENE ANTHRACENE 474 

ARCTON 9 TRICKLOROF LUOROME THANE 801 

AREGINAL ETHYL FORMATE 754 

ARGON ARGON 772 

ARTIC METHYL CHLORIDE 809 
a 

AZABENZENE PYRIDINE 746 

9- AZAFLUORENE DIBENZOPYRROLE 750 

1-AZAINDENE INDOLE 748 

1-AZANAPHTRALENE QUINOLINE 769 

2-AZANAPHTHALENE ISOQUINOL INE 881 
eee 

AZINE PYRIDINE 746 

BENZ (a) ANTHRACENE BENZANTHRACENE 480 

2-BENZANINE ISOQUINOL INE 881 

BENZANTHRACENE BENZANTHRACENE 480 

1-BENZAZOLE INDOLE 748 
ee eS 

BENZENE BENZENE 335 

BENZENE, HYDROXY - PHENOL 724 

BENZENOFORM CARBON TETRACHLORIDE 802 

BENZENOL PHENOL 724 

BENZ INOFORM CARBON TETRACHLORIDE 802 

BENZO (JK) FLUORENE, IDRYL FLUORANTHENE 477 

BENZOL BENZENE 335 

BENZOLENE BENZENE 335 

BENZO (a) PHENATHRENE CHRYSENE 478 

BENZO (c) PYRIDINE TSOQUINOLINE 881 

1, 2-BENZOPHENANTHRENE CHRYSENE 478 

BENZOPHENOL PHENOL 724 

BENZOPYRROLE INDOLE 748 

BIBENZENE INDOLE 748 

BICARBURET of HYDROGEN BENZENE 335 

Cis-BICYCLO[4,4,0] DECANE ci s-DECAHYDRONAPHTHAENE 184 

trans-BICYCLOI4,4,0]DECANE trans-DECAHYDRONAPHTHALENE 185 

BICYCLOHEXYL BICYCLOHEXYL 183 

1, 1-BI CYCLOHEXYL BICYCLOHEXYL 183 

BICYCLOPENTADIENE DICYCLOPENTADIENE 319 
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TABLE 1C0.1 (Continued) 


100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
SIETHYLENE 1,3-BUTADIENE 292 
BIHEXYL m-DODECANE 7% 
BI ISOPROPYL 2,3-DIMETHYLBUTANE 13 
BIMETHYL ETHANE 2 
BIPHENYL BIPHENYL 396 
1,1'-BIPHENYL BIPHENYL 396 
BISCYCLOPENTADIENE DICYCLOPENTADIENE 319 
BIS CETHOXY( 1-ETHANOL )J ETHER TETRAETHYLENE GLYCOL 852 
BISC2-HYDROXYLETHYL) AMINE DIETHANOLAMINE 854 
BISCISOPROPYL) ETHER DIISOPROPYL ETHER 865 
BIVINYL 1,3-BUTADIENE 292 
BROMINE BROMINE 773 
BUTADIENE 1,3-BUTADIENE 292 
BUTA-1,3-DIENE 1,3~-BUTADIENE 292 
1,2-BUTADIENE 1,2-BUTADIENE 291 
1, 3-BUTADIENE 1,3-BUTADIENE 292 
alpha, gamma- BUTADIENE 1,3-BUTADIENE 292 
BUTAL Ny BUTYRALDEHYDE 731 
BUTALDEHYDE n-BUTYRALDEHYDE 731 
n-BUTANAL n- BUTYRALDEHYDE 731 
BUTANALOEHYDE n-BUTYRALDEHYDE 731 
sec-BUTANAMINE sec-BUTYLAMINE 741 
i-BUTANE ISOBUTANE 5 
n- BUTANE n- BUTANE 4 
BUTANECARBOXYLIC ACID n-PENTANOIC ACID 70S 
BUTANE, 2-HYDROXY sec- BUTANOL 715 
n-BUTANETHIOL n> BUTANETHIOL 834 
tert-BUTANETHIOL tert-BUTANETHIOL 835 
2-BUTANETHIOL 2-BUTANETHIOL 836 
Nn-BUTANOIC ACID n-BUTYRIC ACID 703, 
a ee et ee SO a CIN 
n- BUTANOL n-BUTANOL 713 
sec-BUTANOL sec- BUTANOL 715 
t-BUTANOL tert-BUTANOL 716 
tert-BUTANOL tert-BUTANOL 716 
n-BUTAN-1-OL n- BUTANOL 713 
ee ee 
BUTAN-2-OL sec-BUTANOL 715 
BUTANOL -2 sec-BUTANOL 715 
2-BUTANONE METHYL ETHYL KETONE 822 
trans-2-BUTENAL trans -CROTONALDEHYDE 733 
cis-2-BUTENE cis-2-BUTENE 195 
ee ee 
trans -2-BUTENE trans-2-BUTENE 196 
1-BUTENE 1-BUTENE 194 
alpha-BUTENE 1-BUTENE 194 
BUTENYNE VINYLACETYLENE 326 
BUTEN-3-YNE VINYLACETYLENE 326 
ee 
n-BUTYL ACETATE N-BUTYL ACETATE 761 
4-BUTYL ACETATE n-BUTYL ACETATE 761 
N-BUTYL ALCOHOL n-BUTANOL 713 
2-BUTYL ALCOHOL sec- BUTANOL 715 
BUTYL ALDEHYDE n-BUTYRALDEHYDE 731 
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COMPOUND 


M-BUTYL ALDEHYDE 

N-BUTYLAMINE 
sec-BUTYLAMINE 
tert-BUTYLAMINE 

1-BUTYLAMINE 


1-BUTYLBENZENE 
n- BUTYLBENZENE 
Sec-BUTYLBENZENE 
tert-BUTYLBENZENE 
N-BUTYLCARBINOL 


sec-BUTYLCARBINOL 

tert-BUTYLCARBINOL 
N-BUTYLCYCLOHEXANE 
sec-BUTYLCYCLOKEXANE 
tert-BUTYLCYCLOHEXANE 


N-BUTYLCYCLOPENTANE 
BUTYLENE HYDRATE 
BUTYLENE OXIDE 
BUTYL ETHANOATE 
BUTYL ETHYLENE 


tert-BUTYL ETHYL ETHER 
BUTYL HYDROXIDE 
tert-BUTYL HYDROXIDE 
M-BUTYL MERCAPTAN 
tert-BUTYL MERCAPTAN 


1-n-BUTYLNAPHTHALENE 
2-n- BUTYLNAPHTHALENE 


1-n-BUTYL-1,2,3,4- TETRAHYDRONAPHTHALENE 
6-n-BUTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 


BUTYRAL 


TABLE 1C0.1 (Continued) 


TABLE ENTRY NAME 


n-BUTYRALDEHYDE 

n> BUTYLAMINE 
sec-BUTYLAMINE 
tert-BUTYLAMINE 

M-BUTYLAMINE 


N-BUTYLBENZENE 
n-BUTYLBENZENE 
sec-BUTYLBENZENE 
tert-BUTYLBENZENE 
1-PENTANOL 


2-METHYL- 1-BUTANOL 
2,2-DIMETHYL- 1-PROPANOL 

n-BUTYLCYCLOHEXANE 
sSec-BSUTYLCYCLOHEXANE 
tert-BUTYLCYCLOHEXANE 


M-BUTYLCYCLOPENTANE 
sec-BUTANOL 
TETRAHYDROFURAN 
m-BUTYL ACETATE 
TETRAHYDROFURAN 


tert-BUTYL ETHYL ETHER 
n-BUTANOL 
tert-BUTANOL 
M- BUTANETHIOL 
tert-BUTANETHIOL 


1-n-BUTYLNAPHTHALENE 
2-n-BUTYLNAPHTHALENE 


100.1 


TABLE SEQUENCE NUMBER 


731 
739 
741 
742 
739 


349 
349 
351 
352 
vars 


719 
722 
158 
160 
161 


124 
715 
768 
761 
768 


893 
713 
716 
834 
835 


436 
437 


1-n-BUTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 454 
6-n-BUTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 455 


M-BUTYRALDEHYDE 731 

BUTYRALDEHYDE n-BUTYRALDEHYDE 731 
n-BUTYRALDEHYDE n-BUTYRALDEHYDE 731 
M-BUTYRIC ACID N-BUTYRIC ACID 703 
BUTYRIC ALDEHYDE n- BUTYRALDEHYDE 731 
BUTYRYALDEHYDE Nn- BUTYRALDEHYDE 731 
CAMPHOR TAR NAPHTHALENE 427 
CAPRYLENE 1-OCTENE 257 
CARBAZOLE DIBENZOPYRROLE 750 
CARBINAMINE METHYLAMI NE 735 
CARBINOL METHANOL 709 
CARBOLIC ACID PHENOL 724 
CARBONA CARBON TETRACHLORIDE 802 
CARBON BISULFIDE CARBON DISULFIDE 831 
CARBON CHLORIDE CARBON TETRACHLORIDE 802 
CARBON DIOXIDE CARBON DIOXIDE 775 
CARBON DISULFIDE CARBON DISULFIDE 827 
CARBON MONOXIDE CARBON MONOXIDE 774 
CARBON OXIDE CARBON MONOXIDE 77% 
CARBON OXYSULFIDE CARBONYL SULFIDE 776 
CARBON SULFIDE CARBON DISULFIDE 831 


1997 
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TABLE 1C0.1 (Continued) 


100.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 

CARBON TETRACHLORIDE CARBON TETRACHLORIDE 802 

CARBON TETRAFLUORIDE CARBON TETRAFLUORIDE BO3 

CARBON TRIFLORIDE TRI FLUOROME THANE 807 

CARBONIC ANHYDRIDE CARBON DIOXIDE 775 

CARBONIC OXIDE CARBON MONOXIDE 77% 

CARBONYL DIAMIDE UREA 743 

CARBONYL SULFIDE CARBONYL SULFIDE 776 

CARBOXYETHANE PROPIONIC ACID 702 

CAUSTIC SODA SODIUM HYDROXIDE 847 

CETANE fn- HEXADECANE 78 
i a et se 

CHINOL INE QUINOLINE 769 

CHLORINE CHLORINE 777 

CHLOROO I FLUOROME THANE CHLOROD I FLUOROME THANE B04 

CHLOROETHANE ETHYL CHLORIDE 818 

CHLOROETHENE VINYL CHLORIDE 811 
a et ee 

CHLOROE THYLENE VINYL CHLORIDE 811 

CHLOROFORM CHLOROFORM 806 

CHLOROME THANE METHYL CHLORIDE 809 

CHLOROTRI FLUOROME THANE CHLOROTRI FLUOROME THANE 799 

CHRYSENE CHRYSENE 478 
a a hn a ee es 

CINNAMENE STYRENE 384 

CINNAMINOL STYRENE 384 

CINNAMOL STYREWE 384 

COAL MAPHTHA BENZENE 335 

m-CRESOL - m- CRESOL 726 
a es Sis Be 

0-CRESOL 0-CRESOL 725 

p- CRESOL p-CRESOL 727 

2-CRESOL o-CRESOL 725 

3-CRESOL m-CRESOL 726 

4*CRESOL p-CRESOL 727 
a i ee 

m-CRESYLIC ACID m-CRESOL 726 

o-CRESYLIC ACID o-CRESOL 725 

P-CRESYLIC ACID p-CRESOL 727 

CROTONAL trans -CROTONALDEHYDE 733 

trans -CROTONALDEHYDE trans-CROTONALDEKYDE 733 
gg ae ee ee = 

CROTONIC ALDEHYDE trans-CROTONALDEHYDE 733 

CROTONYLENE DIMETHYLACETYLENE 324 

CROTYLALDEHYDE trans ~-CROTONALDEHYDE 733 

_ CUMENE ISOPROPYL BENZENE 342 

Ps i-CUMENE 1,2,4-TRIMETHYLBENZENE 347 
a we 

CYCLOBUTANE CYCLOBUTANE 98 

CYCLOHEPTANE CYCLOHEPTANE 179 

CYCLOHEXANE CYCLOHEXANE 146 

CYCLOKEXATRIENE BENZENE 335 

CYCLOHEXENE CYCLOHEXENE 315 
a ee ee es 

CYCLOHEXYLBENZENE CYCLOHEXYLBENZENE 383 

CYCLOHEXYLMETHANE METHYLCYCLOHEXANE 147 

CYCLON HYDROGEN CYANIDE 784 

CYCLONONANE CYCLONONANE 181 

CYCLOOCTANE 180 


CYCLOOCTANE 


1-28 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


1997 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER 1-ENGL 1599? MM O?732290 OSbbb19 T7a 
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1C0.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
CYCLOPENTAD ENE CYCLOPENTAD ENE 318 
CYCLOPENTADIENE DIMER DICYCLOPENTADIENE 319 
1,3-CYCLOPENTADIENE, DIMER DICYCLOPENTADIENE 319 
CYCLOPENTANE CYCLOPENTANE 101 
CYCLOPENTENE CYCLOPENTENE 310 
CYCLOPROPANE CYCLOPROPANE 93 
CYCLOTETRAMETHYLENE OXIDE TETRAHYDROFURAN 768 
m-CYMENE m- CYMENE 357 
o-CYMENE o-CYMENE 356 
p-CYMENE p-CYMENE 358 

a a ee 
CYMOL p-CYMENE 358 
ci s-DECAHYDROWAPHTHALENE ¢is-DECAHYDRONAPHTHALENE 184 
trans~DECAHYDRONAPHTHALENE trans-DECARYDRONAPHTHALENE 185 
cis-DECALIN ci's-DECAHYDRONAPHTHALENE 184 
trans-DECALIN trans-DECAHYDRONAPHTHALENE 185 

a a a 
n-DECANE n-DECANE 62 
1-DECENE 1-DECENE 279 
n-DECYLBENZENE n-DECYLBENZENE 376 
n-DECYLCYCLOHEXANE n-DECYLCYCLOHEXANE 168 
n-DECYLCYCLOPENTANE n-DECYLCYCLOPENTANE 135 


CO, ee a ES ep 


1-n-DECYLNAPHTHALENE 


1-n-DECYLNAPHTHALENE 445 

1-n-DECYL-1,2,3,4-TETRAHYDRONAPHTHALENE 1-n-DECYL-1,2,3,4- TETRAHYDRONAPHTHALENE 462 
1-DECYNE 1-DECYNE 334 
OELPHINIC ACID 3-METHYLBUTYRIC ACID 707 
DEVOTON METHYL ACETATE 753 


in err rrrenenrepecannnee— 


DIBENZAL (cis) cis-1,2-DIPHENYLETHENE 420 
DIBENZAL, (CE form) trans-1,2-DIPHENYLETHENE 421 
DIBENZOFURAN DIBENZOFURAN 769 
DIBENZOPYRROLE OIBENZOPYRROLE 750 
DIBENZO (B,D) PYRROLE DIBENZOPYRROLE 750 


i 


OIBENZYLIONE, CE form) 


cis-1,2-DIPHENYLETHENE 420 

DICHLOROO I FLUOROME THANE DICHLOROO I FLUOROMETHANE 800 
DICHLOROFLUOROME THANE DICHLOROFLUOROME THANE 805 

1, 1-DICHLOROETHANE 1,1-DICHLOROE THANE 815 
1,2-DICHLOROE THANE 1, 2-DICHLOROE THANE 816 


Ce 


DI CHLOROME THANE DICHLOROME THANE 808 
D1 CHLOROMONOF LUOROMET HANE DI CHLOROF LUGROME THANE 805 
1,2-DICHLOROPROPANE 1, 2-DICHLOROPROPANE 820 
alpha, beta-DI CHLOROPROPANE 1,2-DICHLOROPROPANE 820 7 
DICYCLOHEXANE BICYCLOHEXYL 183 
a 
DICYCLOPENTADIENE DICYCLOPENTADIENE 319 
DIETHANOLAMINE DIETHANOLAMINE 854 
N,N-DIETHANOLMETHYLAMI NE METHYL DIETHANOLAMINE 856 
m-DIETHYLBENZENE m-DIETHYLBENZENE 360 
o-DIETHYL BENZENE o-DIETHYLBENZENE 359 
a i 
P-DIETHYLBENZENE p-DIETHYLBENZENE 365 
1,2-DIETHYLBENZENE o-DIETRYLBENZENE 359 
1,3-DIETHYLBENZENE m-DIETHYLBENZENE 360 
1,4-DIETHYLBENZENE P-DIETHYLBENZENE 361 
1, 1-DIETHYLCYCLOPENTANE 1, 1-DIETHYLCYCLOPENTANE 127 
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1C0.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
cis-1,2-DIETHYLCYCLOPENTANE cis-1,2-DIETHYLCYCLOPENTANE 128 
DIETHYLDIMETHYLMETHANE 2,3-DIMETHYLPENTANE 19 
DIETHYLENE GLYCOL DIETHYLENE GLYCOL 851 
DIETHYLENE OXIDE TETRAHYOROFURAN 768 
DIETHYL ETHER DIETHYL ETHER 765 
DIETHYL KETONE DIETHYL KETONE 823 
DIETHYL OXIDE DIETHYL ETHER 765 
3,3-DIETHYLPENTANE 3, 3-DIETHYLPENTANE 55 
DIETHYLSULFIDE 3-THIAPENTANE 838 
DIETHYLTHIOETHER 3-THIAPENTANE 838 
D1CHLOROO I FLUOROMETHANE D1ICHLOROD I FLUOROME THANE 800 
1, 1-DI FLUOROE THANE 1, 1-DI FLUORGETHANE 817 
DIGLYCOLAMINE DIGLYCOLAMINE 855 
DIHEXYL n-DODECANE 7% 
1, 2-DIHYDROACENAPHT KALENE ACENAPHTHENE 472 
DIHYOROBUTADIENE SULFONE SUL FOLANE 862 
DIHYDROGEN OXIDE WATER 845 
2,3-DIHYDROINDENE 2,3-DIHYDROINDENE 466 
2,2°-DIHYDROXYDIETHYLAMINE 3-THIAPENTANE 838 
beta, beta'-DIHYDROXYDIETHYL ETHER DIETHYLENE GLYCOL 851 
a es 
DI(2-HYDROXETHYL) AMINE DIETHANOLAMINE 854 
1, 2-DIHYOROXYPROPANE 1,2-PROPYLENE GLYCOL 850 
DITSOBUTYL 2,2,3,3-TETRAMETHYLBUTANE 40 
D1 1 SOPROPANOLAMINE D1 ISOPROPYLAMINE 858 
1,3-DITSOPROPYLBENZENE 1,3-DI ISOPROPYLBENZENE 541 
eee rc Ie a rt RO SE UTED eS TE ID 
1, 4-DI ISOPROPYLBENZENE 1,4-DI ISOPROPYLBENZENE 542 
m-DL ISOPROPYL BENZENE 1,3-DI ISOPROPYLBENZENE 541 
p-DI 1SOPROPYLBENZENE 1,4-DI 1SOPROPYLBENZENE 542 
DITSOPROPYL ETHER DIISOPROPYL ETHER 865 
DIISOPROPYL OXIDE DIISOPROPYL ETHER 865 
ee a RE 
DIMETHYL ETHANE : 2 
DIMETHYLACETIC ACID 2-METHYLPROPIONIC ACID 704 
DIMETHYLACETONE DIETHYL KETONE 823 
DIMETHYLACETYLENE DIMETHYLACETYLENE 324 
m-DIMETHYLBENZENE m-XYLENE 339 
a eee 
o-DIMETHYLBENZENE o-XYLENE 338 
p-DIMETHYLBENZENE p-XYLENE 340 
1, 2-DIMETHYLBENZENE o-XYLENE 338 
1, 3-DIMETHYLBENZENE m-XYLENE 339 
1, 4-DIMETHYL BENZENE p-XYLENE 340 
a a a a es 
2,3-DIMETHYL-1,3-BUTADIENE 2,3-DIMETHYL-1,3-BUTADIENE 300 
2, 2-DIMETHYLBUTANE 2,2-DIMETHYLBUTANE 12 
2,3-DIMETHYLBUTANE - 2,3-DIMETHYLBUTANE 13 
1,3-DIMETHYL BUTANOL &-METHYL-2-PENTANOL 723 
2,3-DIMETHYL-1-BUTENE 2,3-DIMETHYL- 1-BUTENE 218 
ee ee ee 
2,3-DIMETHYL-2-BUTENE 2, 3-DIMETHYL-2-BUTENE 220 
3,3-DIMETHYL-1-BUTENE 3,3-OIMETHYL- 1-BUTENE 219 
DIMETHYLCARBINOL ISOPROPANOL 712 
1, 1-DIMETHYLCYCLOHEXANE 1, 1-DIMETHYLCYCLOHEXANE 149 
cis-1,2-DIMETHYLCYCLOHEXANE cis-1,2-DIMETHYLCYCLOHEXANE 150 
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COMPOUND 


trans-1,2-DIMETHYLCYCLOHEXANE 


cis-1,3-DIMETHYLCYCLOHEXANE 


trans-1,3-DIMETHYLCYCLOHEXANE 


cis-1,4-DIMETHYLCYCLOHEXANE 


TABLE 1C0.1 (Continued) 


trans-1,4-DIMETHYLCYCLOHEXANE 


1,1 
cis-1,2 


-DIMETHYLCYCLOPENTANE 
-DIMETHYLCYCLOPENTANE 


trans- 1, 2-DIMETHYLCYCLOPENTANE 


cis-1,3- 


DIMETHYLCYCLOPENTANE 


trans-1,3-DIMETHYLCYCLOPENTANE 


cis-1,2-DIMETRYLCYCLOPROPANE 
trans-1,2-DIMETHYLCYCLOPROPANE 


1,1 
1,1 


1,1 


DIMETHYLDISULF IDE 
OIMETHYLENEMETHANE 


-DIMETHYLETHANETHIOL 


-DIMETHYLETHANOL 


OIMETHYL ETHER 


DIMETHYL ETHER of POLYETHYLENE GLYCOL 
~DIMETHYLETHYLAMINE 


DIC1-METHYLETHYL AMINE 


(1, 1-DIMETHYLETHYL) BENZENE 
1,2-DIMETHYL-3-ETHYLBENZENE 
1,2-DIMETHYL -4-ETHYLBENZENE 
1,3-DIMETHYL-2-ETHYLBENZENE 
1,3-DIMETHYL-4-ETHYLBENZENE 
1,3-DIMETHYL-5-ETHYLBENZENE 
1,4-DIMETHYL -2-ETHYLBENZENE 

DIMETHYL ETHYL CARBINOL 
1, 1-DIMETHYLETHYLCYCLOHEXANE 
1, 1-DIMETHYL-2-ETHYLCYCLOPENTANE 
cis-1,2-DIMETHYLETHYLENE 


trans-1,2-DIMETHYLETHYLENE 


1997 
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1,1 


2000 


-DIMETHYL ETHYL ETHYL ETHER 
2,2- 
2h: 


DIMETHYL-3-ETHYLPENTANE 
OIMETHYL-3-ETHYLPENTANE 


DIMETHYLETHYNE 

DIMETHYL FORMALDEHYDE 
DIMETHYL FORMAMIDE 
~DIMETHYL FORMAMIDE 
-DIMETHYL-1,5-HEPTADIENE 


~DIMETHYLHEPTANE 
*DIMETHYLHEPTANE 
-DIMETHYLHEXANE 
~DIMETRYLHEXANE 
~DIMETHYLHEXANE 


-DIMETRYLHEXANE 
-DIMETHYLHEXANE 
~DIMETHYLHEXANE 
IMETHYL-3-HEXENE 
IMETHYL-1-HEXENE 


csoo0N 


143323233 


Institute 


TABLE ENTRY NAME 


100.1 


TABLE SEQUENCE NUMBER 


trans-1,2-DIMETHYLCYCLOHEXANE 151 
cis-1,3-DIMETHYLCYCLOHEXANE 152 
trans-1,3-DIMETHYLCYCLOHEXANE 153 
cis-1,4-DIMETHYLCYCLOHEXANE 154 
trans-1,4-DIMETHYLCYCLOHEXANE 155 
1,1-DIMETHYLCYCLOPENTANE 104 
Cis-1,2-DIMETHYLCYCLOPENTANE 105 
trans-1,2-DIMETHYLCYCLOPENTANE 106 
cis-1,3-DIMETHYLCYCLOPENTANE 107 
trans-1,3-DIMETHYLCYCLOPENTANE 108 
cis-1,2-DIMETHYLCYCLOPROPANE 96 
trans-1,2-DIMETHYLCYCLOPROPANE 97 
2,3-DI THIABUTANE 829 
PROPAD LENE 290 
tert-BUTANETHIOL 835 
tert-BUTANOL 716 
DIMETHYL ETHER 763 

SELEXOL 863 
tert-BUTYLAMINE 742 

DI ISOPROPANOLAMINE 858 
tert-BUTYLBENZENE 352 
1,2-DIMETHYL-3-ETHYLBENZENE 362 
1,2-DIMETHYL-4-ETHYLBENZENE 363 
1,3-DIMETHYL-2-ETHYLBENZENE 364 
1,3-DIMETHYL-4-ETHYLBENZENE 365 
1,3-DIMETHYL-5-ETHYLBENZENE 366 
1,4-DIMETHYL-2-ETHYLBENZENE 367 
2-METHYL -2- BUTANOL 720 
tert-BUTYLCYCLOHEXANE 161 

1, 1-DIMETHYL-2-ETHYLCYCLOPENTANE 129 
cis-2-BUTENE 195 
trans-2-BUTENE 196 
tert-BUTYL ETHYL ETHER 893 
2,2-DIMETHYL-3-ETHYLPENTANE 56 
2,4-DIMETHYL-3-ETHYLPENTANE 57 
DIMETHYLACETYLENE 324 

ACETONE 821 
W,N-DIMETHYL FORMAMIDE 859 
WN-DIMETHYLFORMAMIDE 859 
2,6-DIMETHYL-1,5-HEPTADIENE 308 
2,2-DIMETHYLHEPTANE 46 
2,6-D1METHYLHEPTANE 47 
2,2-DIMETHYLHEXANE 28 
2,3-DIMETHYLHEXANE 2 
2,4-DIMETHYLHEXANE 30 
2,5-DIMETHYLHEXANE 31 
3,3-DIMETHYLHEXANE 32 
3,4-DIMETHYLHEXANE 33 
cis-2,2-D1IMETHYL-3-HEXENE 2746 
2,3-OIMETHYL - 1-HEXENE 272 
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100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
2,3-DIMETHYL -2-HEXENE 2,3-DIMETHYL-2-HEXENE 273 
2,4-DIMETHYL-3- ISOPROPYL PENTANE 2,4-DIMETHYL-3-ISOPROPYL PENTANE Te 
DIMETHYLKETAL ACETONE 821 
DIMETHYL KETONE ACETONE 821 
WN, N-OIMETHYLMETHANAMIDE N,N-DIMETHYLFORMAMIDE 859 
OIMETHYLMETHANE PROPANE 3 
6,6-DIMETHYL-2-METHYLENEBICYCLO(3, 1, 1)HEPTANE beta-PINENE 321 
2,4-DIMETHYL-3-( 1-METHYLETHYL )PENTANE 2,4-DIMETHYL-3-1SOPROPYLPENTANE 72 
DIMETHYL MONOSUL FIDE DIMETHYL SULFIDE 829 
1, 2-DIMETHYLNAPHTHALENE 1,2-DIMETHYLNAPHTHALENE 432 
1,4-DIMETHYLNAPHTHALENE 1,4-DIMETHYLNAPHTHALENE 433 
2,6-DIMETHYLNAPHTHALENE 2,6-DIMETHYLNAPHTHALENE 553 
2, 7-DIMETHYLNAPHTHALENE 2, 7-DIMETHYLNAPHTHALENE 554 
3,7-DIMETHYL-1,6-OCTADIENE 3,7-DIMETHYL-1,6-OCTADIENE 309 
2,2-DIMETHYLOCTANE 2,2-DIMETHYLOCTANE 301 
2, 7-DIMETHYLOCTANE 2,7-DIMETHYLOCTANE 67 
2,2-DIMETHYLPENTANE 2,2-DIMETHYLPENTANE 18 
2,3-DIMETHYLPENTANE 2,5-DIMETHYLPENTANE 19 
2,4-DIMETHYLPENTANE 2,4-DIMETHYLPENTANE 20 
3,3-DIMETHYLPENTANE 3,3-DIMETHYLPENTANE 21 
2,3-DIMETHYL-1-PENTENE 2,3-DIMETHYL- 1-PENTENE 244 
2,3-DIMETHYL-2-PENTENE 2,3-DIMETHYL-2-PENTENE 249 
2,4-DIMETHYL- 1-PENTENE 2, 4-DIMETHYL-1-PENTENE 245 
2,4-DI METHYL -2-PENTENE 2, 4-DIMETHYL-2-PENTENE 250 
3,3-DIMETHYL- 1-PENTENE 3,3-DIMETHYL-1-PENTENE 246 
ee 
3,4-DIMETHYL- 1-PENTENE 3,4-DIMETHYL-1-PENTENE 247 
cis-3,4-DIMETHYL-2-PENTENE cis-3,4-OIMETHYL-2-PENTEWNE 251 
trans-3,4-DIMETHYL-2-PENTENE trans-3,4-DIMETHYL-2-PENTENE 252 
4 ,4-DIMETHYL - 1-PENTENE 4,4-DIMETHYL-1-PENTENE 248 
is-4,4-DIMETHYL-2-PENTENE cis-4,4-DIMETHYL-2-PENTENE 253 
a a enn ee eee 
trans-4,4-DIMETHYL-2-PENTENE trans-4,4-DIMETHYL-2-PENTENE 254 
2,2-DIMETHYLPROPANE NEOPENTANE 8 
23: DIMETHYL~-1-PROPANOL 2,2-DIMETHYL -1-PROPANOL Te2 
DIMETHYL SULFIDE DIMETHYL SULFIDE 829 
DIMETRYLSULFOXIDE DIMETHYL SULFOXIDE 861 
re a 
OIMETHYLSULPHOXIDE DIMETHYL SULFOXIDE 861 


2,2-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 

2,6-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 

6, 7-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 
DIMETHYL THICETHER 


2,2-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 449 
2,6-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 450 
6,7-DIMETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 451 

DIMETHYL SULFIDE 829 


DINITROGEN MONOXIDE NITROUS OXIDE 791 
DINITROGEN OXIDE NITROUS OXIDE 791 
DINITROGEN TETRAOXIDE NITROGEN TETRAOXIDE 793 
1,1-DIOXIDE TETRAHYDROTHIOFURAN SULFOLANE 862 
DIOXOTHIOLAN SUL FOLANE 862 
a ee ee ee oe 
DIPHENYL BIPHENYL 396 
DIPHENYLACETYLENE DIPHENYLACETYLENE 423 
1,2-DIPHENYLBENZENE 1,2-D1PHENYLBENZENE 424 
1,3-DIPHENYLBENZENE 1,3-DIPHENYLBENZENE 425 
1,4-D1 PHENYLBENZENE 1,4-DI PHENYLBENZENE 426 
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100.1 


COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
p-DIPHENYLBENZENE 1,4-DIPHENYLBENZENE 426 
+-DIPHENYLBUTANE 1, 1-DIPHENYLBUTANE 407 
1-DIPHENYLDECANE 1, 1-DIPHENYLDECANE 413 
1-DIPHENYLDOOECANE 1, 1-DIPHENYLDOOECANE 415 

DIPHENYLENEIMINE DIBENZOPYRROLE 750 

DIPHENYLENIMIDE DIBENZOPYRROLE 750 
1-DIPHENYLETHANE 1,1-DIPHENYLETHANE 403 
2-DIPHENYLE THANE 1,2-DIPHENYLETHANE 404 
2-DIPHEWYLETHENE (Z FORM) cis-1,2-DIPHENYLETHENE 420 
2-DIPHENYLETHENE cis-1,2-DIPHENYLETHENE 420 

trans-1,2-DIPHENYLETHENE trans-1,2-DIPHENYLETHENE 421 

DIPHENYLETHYNE DIPHENYLACETYLENE 423 
1-DIPHENYLHEPTANE 1, 1-DIPHENYLHEPTANE 410 
1-DIPHENYLHEXADECANE 1, 1-DIPHENYLHEXADECANE 419 
1-DIPHENYLHEXANE 1, 1-DIPHENYLHEXANE 409 

DIPHENYLME THANE DIPHENYLMETHANE 402 
1-D I PHENYLNONANE 1, 1-DIPHENYLNONANE 412 
1-DIPHENYLOCTANE 1, 1-DIPHENYLOCTANE 411 
1-DIPHENYLPENTADECANE 1,1-DIPHENYLPENTADECANE 418 
1-DIPHENYLPENTANE 1, 1-DIPHENYLPENTANE 408 
1-DIPHENYLPROPANE 1, 1-DIPHENYLPROPANE 405 
2-DIPHENYLPROPANE 1,2-DI PHENYLPROPANE 406 
1-DIPHENYL TETRADECANE 1, 1-DIPHENYLTETRADECANE 417 
1-DIPHENYLTRIDECANE 1, 1-DIPHENYLTRIDECANE 416 
1-DIPHENYLUNDECANE 1, 1-DIPHENYLUNDECANE 414 

DIPROPYLMETHANE n- HEPTANE 14 
3-DITHIABUTANE 2,3-DITHIABUTANE 828 

DITHIOCARBONIC ANHYDRIDE CARBON DISULFIDE 831 

DIVINYL 1,3-BUTADIENE 292 

DIVINYL SULFIDE THIOPHENE 891 

i me ee 
n- DOCOSANE n- DOCOSANE & 
n-DODECANE n-DODECANE 7% 

DOODECANE n-DODECANE 74 
1-DODECENE 1-DODECENE 281 
n- DODECYLBENZENE n-DODECYLBENZENE 378 
n-DOOECYLCYCLOHEXANE n-DODECYCLCYCLOHEXANE 170 
n-DODECYLCYCLOPENTANE n-DODECYLCYCLOPENTANE 137 

DRY ICE CARBON DIOXIDE 75 
n-£ LCOSANE n-EICOSANE 82 
4-EICOSENE 1-EICOSENE 289 
n-E I COSYLCYCLOHEXANE N-EICOSYLCYCLOHEXANE 178 
n-E1COSYLCYCLOPENTANE n-EICOSYLCYCLOPENTANE 145 
4-EPOXYBUTANE TETRAHYDROFURAN 768 

ERYTHRENE 1,3-BUTADIENE 292 

ETHANAL ACETALDEHYDE T29 

a ee 

ETHANE ETHANE 2 

ETHANECARBOXYLIC ACID PROPIONIC ACID 702 

ETHANENITRILE ACETONITRILE 744 

ETHANETHIOL ETHYL MERCAPTAN 831 

ETHANOIC ACID ACETIC ACID 701 


1997 
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100.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
ETHANOL ETHANOL 710 
ETHANOLAMINE MONOETHANOLAMI NE 853 
bete-ETHANOLAMINE MONOE THANOLAMINE 853 
ETHENE ETHYLENE 192 
ETHENYL ACETATE VINYL ACETATE 57 
ETHENYL BENZENE STYRENE 384 
1-ETHENYL ETHANOATE VINYL ACETATE 7S7 
ETHER DIETHYL ETHER 765 
ETHER HYDROCHLORIC ETHYL CHLORIDE 818 
ETHER MURIATIC ETHYL CHLORIDE 818 

es 
ETHINE ACETYLENE 322 
ETHOXYE THANE DIETHYL ETHER 765 
ETHYL ACETATE ETHYL ACETATE 735 
ETHYL ACETIC ACID n-BUTYRIC ACID 703 
ETHYL ACETIC ESTER ETHYL ACETATE 755 
SS es eS 

ETHYLACETONE METHYL-n-PROPYL KETONE 825 
ETHYLACETYLENE ETHYLACETYLENE 325 
ETHYL ALCOHOL ETHANOL 710 
ETHYL ALDEHYDE ACETALDEHYDE 729 
ETHYLAMINE ETHYLAMINE 736 
ETHYLBENZENE ETHYLBENZENE 337 
ETHYLBENZOL ETHYLBENZENE 337 
1-ETHYL- [cis-BICYCLO[4,4, O] DECANE) 9-ETHYL~ [ci s-DECAHYDRONAPHTHALENE} 190 
1-ETHYL- [trans-BICYCLO[4,4,0]DECANE 9-ETHYL- [trans-DECAHYDRONAPHTHALENE) 191 
2-ETHYL- (cis-BICYCLO[4,4,0]DECANE] 1-ETHYL~ (cis -DECAHYDRONAPHTHALENE) 188 
2-ETHYL- [trans-BICYCLO[4,4,0) DECANE] 1-ETHYL - (trans -DECAHYDRONAPHTHALENE} 189 
2-ETHYL-1-BUTENE 2-ETHYL- 1-BUTENE 217 
ETHYL-tert-BUTYL ETHER tert-BUTYL ETHYL ETHER 893 
ETHYL CARBINOL N= PROPANOL 711 
ETHYL CHLORIDE ETHYL CHLORIDE 818 
ETHYLCYCLOBUTANE ETHYLCYCLOBUTANE - 100 
ETHYLCYCLOHEPTANE ETHYLCYCLOHEPTANE 182 
ETHYLCYCLOHEXANE ETHYLCYCLOHEXANE 148 
1-ETHYLCYCLOHEXENE 1-ETHYLCYCLOHEXENE 317 
ETHYLCYCLOPENTANE ETHYLCYCLOPENTANE 103 
1-ETHYLCYCLOPENTENE 1-ETHYLCYCLOPENTENE 312 
3-ETHYLCYCLOPENTENE 3-ETHYLCYCLOPENTENE 313 
ETHYLCYCLOPROPANE ETHYLCYCLOPROPANE 9S 
1-ETHYL-¢is-DECAHYDRONAPHTHALENE 1-ETHYL-cis-DECAHYDRONAPHTHALENE 188 
1-ETHYL- trans -DECAHYDRONAPHTHALENE 1-ETHYL - trans-DECAHYDRONAPHTHALENE 189 
9- ETHYL -cis-DECAHYDRONAPHTHALENE 9-ETHYL-cis-DECAHYDRONAPHTHALENE 190 
9-ETHYL - trans-DECAHYDRONAPHTHALENE 9-ETHYL - trans -DECAHYDRONAPHTHALENE 191 
1-ETHYL-2,3-DIMETHYLBENZENE 1,2-DIMETHYL-3-ETHYLBENZENE 362 
ETHYLD IMETHYLKETHANE TSOPENTANE 7 
ETHYLENE ETHYLENE 192 
ETHYLENE CHLORIDE 1,2-DICHLOROETHANE 816 
ETHYLENE DICHLORIDE 1,2-DICHLOROE THANE 816 
ETHYLENE DIGLYCOL DIETHYLENE GLYCOL 851 
ETHYLENE FLUORIDE 1, 1-DI FLUOROE THANE 817 
ETHYL ACETATE 755 


2000 


TABLE 1C0.1 (Continued) 


ETHYL ETHANOATE 
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COMPOUND 


1-ETHYL-2-ETHENYL BENZENE 

1-ETHYL-3-ETHENYL SENZENE 

1-ETHYL-4-ETHENYL BENZENE 
ETHYL ETHER 
ETHYLETHYLENE 


10.1 


TABLE ENTRY NAME TABLE SEQUENCE NUMBER 


ee ee 


ETHYLETHYNE 

ETHYL FLUORIDE 
ETHYL FORMATE 
ETHYLFORMIC ACID 
ETHYLFORMIC ESTER 


3-ETHYLHEPTANE 
3-ETHYLHEXANE 
2-ETHYL-1-HEXENE 
3-ETHYL-1-HEXENE 
4-ETHYL-1-HEXENE 


SSS a 


ETHYL HYDRATE 
ETHYL HYDRIDE 
ETHYL HYDROSULFIDE 
ETHYL HYDROXIDE 
ETHYLIC ACID 


1,1'-ETHYLIDENEBI SBENZENE 
ETHYLIDENE CHLORIDE 
ETHYLIDENE DICHLORIDE 
ETHYLIDENE DIFLUORIDE 
ETHYLIDENE FLUORIDE 


ETHYL KETONE 

ETHYL MERCAPTAN 

ETHYL METHANOATE 
o-ETHYLMETHYLBENZENE 
P-ETHYLMETHYLBENZENE 


1-ETHYL-2-METHYLBENZENE 

1-ETHYL-3-METHYLBENZENE 

1-ETHYL-4-METHYLBENZENE 
ETHYL METHYL CARBINOL 
ETHYL METHYL ETHER 


ETHYL METHYL KETONE 
1-ETHYLNAPHTHALENE 
2-ETHYLNAPHTHALENE 

ETHYLOLAMINE 
3-ETHYLPENTANE 


2-ETHYL-1-PENTENE 

3-ETHYL - 1-PENTENE 

3-ETHYL-2-PENTENE 

1-ETHYL-4-PHENYLBENZENE 
ETHYL PROPIONYL 


E 


THYLPROPYL SULFIDE 
alpha-ETHYLSTYRENE 
ETHYL SULFHYDRATE 
ETHYL SULFIDE 


1-ETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 
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1-ETHYL*2-ETHENYL BENZENE 392 
1-ETHYL-3-ETHENYL BENZENE 393 
1-ETHYL-4-ETHENYL BENZENE 396 
DIETHYL ETHER 765 
1-BUTENE 194 
ETHYLACETYLEWE 325 
ETHYL FLUORIDE 819 
ETHYL FORMATE 754 
PROPIONIC ACID 702 
ETHYL FORMATE 754 
3-ETHYLHEPTANE 45 
3-ETHYLHEXANE 27 
2-ETHYL- 1-HEXENE 269 
3-ETHYL -1-HEXENE 270 
4-ETHYL- 1-HEXENE 271 
ETHANOL 710 
ETHANE 2 
ETHYL MERCAPTAN 830 
ETHANOL 710 
ACETIC ACID 701 

1, 1-DIPHENYLETHANE 403 
1, 1-DICHLOROETHANE 815 
1, 1-DICHLOROETHANE 815 
1, 1-DI FLUOROETHANE 817 
1, 1-DI FLUOROE THANE 817 
DIETHYL KETONE 823 
ETHYL MERCAPTAN 830 
ETHYL FORMATE 754 

o- ETHYLTOLUENE 343 
p-ETHYLTOLUENE 345 
©- ETHYLTOLUENE 343 
m-ETHYL TOLUENE 34 
p-ETHYLTOLUENE 345 
sec~- BUTANOL 715 
METHYL ETKYL ETHER 764 
METHYL ETHYL KETONE 822 
1-ETHYLNAPHTHALENE 430 
2-ETHYLNAPHTHALENE 431 
MONOE THANOL AMINE 853 
3-ETHYLPENTANE 17 
2-ETHYL-1-PENTENE 241 
3-ETHYL- 1-PENTENE 242 
3-ETHYL-2-PENTENE 243 
1-ETHYL-4-PHENYLBENZENE 400 
DIETHYL KETONE 823 
3-THIAHEXANE B40 
2-PHENYL- 1-BUTENE 395 
ETHYL MERCAPTAN 830 
3-THIAPENTANE 838 


1-ETHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 448 
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100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
ETHYL THIOALCOHOL ETHYL MERCAPTAN 830 
ETHYL THIOETHANE 3*THIAPENTANE 838 
2-ETHYL TOLUENE o-ETHYLTOLUENE 343 
4-ETHYL TOLUENE p-ETHYLTOLUENE 345 
we ETHYL TOLUENE sa- ETHYLTOLUENE 344 
eee 
o-ETRYL TOLUENE o- ETHYL TOLUENE 343 
p- ETHYL TOLUENE pr ETHYLTOLUENE 345 
2-ETHYL-m-XYLENE 1,3-DIMETHYL-2-ETHYLBENZENE 364 
2-ETHYL-p-XYLENE 1,4-DIMETHYL-2-ETHYLBENZENE 367 
3-ETHYL-0-XYLENE 1, 2-DIMETHYL-3-ETHYLBENZENE 362. 
4-ETHYL-m-XYLENE 1,3-DIMETHYL-4-ETHYLBENZENE 365 
4-ETHYL-o-XYLENE 1,2-DIMETHYL-4-ETHYLBENZENE 363 
5-ETHYL-m-XYLENE 1,3-DIMETHYL~5-ETHYLBENZENE 366 
ETHYNE ACETYLENE 322 
ETHYNLBENZENE PHENYLACETYLENE 422 
ETHYNYLETHENE VINYLACETYLENE 326 
FLUORANTHENE FLUORANTHENE 477 
FLUORENE FLUORENE 473 
FLUORHYDRIC ACID HYDROGEN FLUORIDE 785 
FLUORINE FLUORINE 778 
i 
FLUOROCARBON 11 TRICHLOROFLUOROME THANE 801 
FLUOROCARBON 12 DICHLOROO I FLUOROME THANE 800 
FLUOROD I CHLOROME THANE DICHLOROFLUOROME THANE 805 
FLUOROE THANE ETHYL FLUORIDE 819 
FLUOROFORM TRIFLUOROME THANE 807 
FLUOROME THANE METHYL FLUORIDE 810 
FLUOROTR I CHLOROME THANE TRICHLOROFLUOROME THANE 801 
FORMALDEHYDE FORMALDEHYDE 728 
FORMIC ACID FORMIC ACID 700 
FORMIC ALDEHYDE FORMALDEHYDE 728 
FORMIC ANAMMONIDE HYDROGEN CYANIDE 784 
FORMOL FORMALDEHYDE 728 
FORMONITRILE HYDROGEN CYANIDE 784 
FORMYLD IMETHYLAMINE N,N-DIMETHYL FORMAMIDE 859 
FORMYLIC ACID FORMIC ACID 700 
FORMYL TRICHLORIDE CHLOROFORM 806 
FREON 10 CARBON TETRACHLORIDE 802 
FREON 11 TRICHLOROF LUOROME THANE 801 
FREON 12 DICHLOROO I FLUOROME THANE 800 
FREON 14 CARBON TETRAFLUORIDE 803 
FREON 20 CHLOROFORM 806 
FREON 21 DICHLOROFLUOROME THANE 805 
FREON 23 TR1FLUOROME THANE 807 
FREON 30 DICHLOROME THANE 808 
FREON 143 1,1, 1-TRI FLUOROE THANE 814 
FREON 152A 1, 1-DI FLUOROETHANE 817 
2-FURALDEHYDE FURFURAL 849 
2-FURANALDEHYDE FURFURAL 849 
2- FURANCARBONAL FURFURAL &9 
FURAN IDINE TETRAHYDROFURAN 768 
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100.1 


COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
a 
FURFURAL FUR FURAL wus 
FURFURALDEHYDE FURFURAL 849 
FUROL FUR FURAL 849 
2-FURYLMETHANAL FUR FURAL 849 
GENETRON 12 DICHLOROO! FLUOROMETHANE 800 
a 
GENETRON 100 1, 1-DI FLUOROE THANE 817 
GENETRON 152A 1, 1-O I FLUOROE THANE 817 
GLACIAL ACETIC ACID ACETIC ACID 701 
HALON DICHLOROOD I FLUOROME THANE 800 
HALON 14 CARBON TETRAFLUORIDE 803 
a ee 
HELIUM HELIUM-4 780 
HELIUM-3 HELIUM-3 779 
HELIUM-4 HELIUM-4 780 
o- HELIUM HELIUM-4 780 
p- HELIUM HELIUM-4 780 
a ae 
HENDECANE n-UNDECANE 73 
N- HENE 1 COSANE n-HENE I COSANE 8&3 
n- KEPTACOSANE n- HEPTACOSANE 8&9 
n-HEPTADECANE n- HEPTADECANE 79 
1-HEPTADECENE 1-HEPTADECENE 286 
n- HEPTADECYLCYCLOHEXANE N- HEPTADECYLCYCLOHEXANE 175 
n-HEPTADECYLCYCLOPENTANE n- HEPTADECYCLCYCLOPENTANE 142 
n- HEPTANE n- HEPTANE 14 
1-HEPTANETHIOL 1-HEPTANETHIOL B44 
1-HEPTEWE 1-HEPTENE 221 
ee re oo sss eee 
1-n-HEPTENE 1-HEPTENE 221 
n-HEPT-1-ENE 1-HEPTENE 221 
cis-2-HEPTENE cis-2-HEPTENE 222 
trans-2-HEPTENE trans-2-HEPTENE 223 
cis-3-HEPTENE cis-3-HEPTENE 224 
trans-3-HEPTENE trans-3-HEPTENE 225 
n- HEPTYLBENZENE n- HEPTYLBENZENE 373 
n-HEPTYLCYCLOHEXANE n- HEPTYLCYCLOKEXANE 165 
n- HEPTYLCYCLOPENTANE n-HEPTYLCYCLOPENTANE 132 
HEPTYL HYDRIDE n- HEPTANE % 
1-n-HEPTYLNAPHTHALENE 1-n-HEPTYLNAPHTHALENE 441 
1-n-HEPTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 1-n-HEPTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 459 
T-HEPTYNE 1-HEPTYNE 331 
alpha-HEPTYLENE 1-HEPTENE 221 
t- HEXACOSANE m- HEXACOSANE 88 
- HEXADE CANE n- HEXADECANE 78 
1-HEXADECENE 4 -HEXADECENE 285 
n- HEXADECYLBENZENE n-HEXYLDECYLBENZENE 382 
Nn- HEXADECYLCYCLOHEXANE n- HEXADECYLCYCLOHEXANE 174 
m- HEXADECYLCYCLOPENTANE m- HEXADECYLCYCLOPENTANE 141 
1,2-HEXADIENE 1, 2-HEXADIENE 301 
1,5-HEXADIENE 1,5-HEXADIENE 302 
2,3-HEXADIENE 2,3-HEXADIJENE 303 
HEXAHYDROBENZENE CYCLOHEXANE 146 
HEXAH YOROTOLUENE METHYLCYCLOHEXANE 147 
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TABLE 1C0.1 (Continued) 


100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
HEXAMETHYLENE CYCLOHEXANE 146 
HEXANAPHTHENE CYCLOHEXANE 146 
n- HEXANE n- HEXANE 9 
1-HEXANETHIOL 1-HEXANETHIOL 843 
Mm-HEXANOIC ACID M-HEXANOIC ACID 708 
a a a ee 
2-HEXANONE METHYL-N-SUTYL KEONE 825 
HEXENE 1-HEXENE 204 
1-HEXENE 1-HEXENE 204 
nr HEXENE 1-HEXENE 204 
cis-2-HEXENE cis-2-HEXENE 205 
ee = 
trans-2-HEXENE trans-2-HEXENE 206 
cis-3-HEXENE cis-3-HEXENE 207 
trans-3-HEXENE trans-3-HEXENE 208 
n-HEXYLBENZENE n- HEXYLBENZENE 372 
n-HEXYLCYCLOHEXANE fh- HEXYLCYCLOHEXANE 164 
n-HEXYLCYCLOPENTANE n- HEXYLCYCLOPENTANE 131 
1-n- HEXYLNAPHTHALENE 1-m-HEXYLNAPHTHALENE 439 
2-n-HEXYLNAPHTHALENE 2-n-HEXYLNAPHTHALENE 440 
1-n-HEXYL-1,2,3,4-TETRAHYDRONAPHTHALENE 1-n-HEXYL-1,2,3,4- TETRAHYDRONAPHTHALENE 458 
1-HEXYNE 1-HEXYNE : 330 
HYDROCHLORIC ACID, ANHYDROUS HYDROGEN CHLORIDE 783 
RYOROCHLORIC ETHER ETHYL CHLORIDE 818 
HYDROFURAN TETRAHYDROFURAN 7é8 
HYDROGEN HYDROGEN 781 
HYDROGEN BROMIDE HYDROGEN BROMIDE 782 
HYDROGENCARBOXYLIC ACID FORMIC ACID 700 
HYDROGEN CHLORIDE HYDROGEN CHLORIDE 783 
HYDROGEN CYANIDE HYDROGEN CYANIDE TBA 
HYDROGEN FLUORIDE HYDROGEN FLUORIDE 785 
HYDROGEN SULFIDE HYDROGEN SULFIDE 786 
HYDROXYBENZENE PHENOL T24 
1-HYDROXYBUTANE M-BUTANOL 713 
2-HYDROXYBUTANE sec-BUTANOL 715 
beta-HYDROXYETHYLAMINE MONOE THANOL AMINE 853 
bis(2-HYDROXYETHYL )ETHER DIETHYLEWE GLYCOL 851 
HYDROXYMET HANE METHANOL 709 
1-HYDROXY-2-METHYLBENZENE o-CRESOL 725 
1-HYDROXY -3-METHYLBENZENE m-CRESOL 726 
1-HYDROXY -4-METHYLBENZENE p-CRESOL 727 
1+HYDROXYMETHYLPROPANE TSOBUTANOL 714 
eee 
1-HYDROXYPROPANE M-PROPANOL 711 
2-HYDROXYPROPANE ISOPROPANOL 712 
3-HYDROXYPROPENE ACETONE 821 
2-HYDROXY TOLUENE o-CRESOL 725 
4-HYDROXYTOLUENE p-CRESOL T27 
i 
gr HYDROXY TOLUENE m-CRESOL 726 
o- HYDROXY TOLUENE o-CRESOL 725 
p- HYDROXY TOLUENE p-CRESOL 727 
HYPONITROUS ACID ANHYDRIDE NITROUS OXIDE 791 
ICOSANE nm-E I COSANE &2 
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100.1 


COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
2,2'- IMINCOIETHANOL DIETHANOLAMINE 854 
INDANE 2,35-DIHYDROINDENE 466 
INDENE INDENE 463 
INDOLE INDOLE 748 
INDONAPHTHENE INDENE 463 
eS 
1- ISOAMYLENE 2-METHYL - 1-BUTENE 201 
alpha- ISOAMYLENE 3-METHYL-1-BUTENE 202 
beta- 1 SOAMYLENE 2-METHYL -2-BUTENE 203 
gansae~ | SOAMYLENE 2-METHYL-1-BUTENE 201 
TSOAMYLBYDRIDE TSOPENTANE 7 
eee 
ISOBUTANE TSOBUT ANE 5 
ISOBUTANOL ISOBUTANOL 714 
ISOBUTENAL METHACROLEIN 73 
ISOBUTENE TSOBUTENE 197 
ISOBUTYL ALCOHOL TSOBUTANOL rat 
_—_—_—_ eee 
ISOBUTYLAMINE TSOBUTYLAMINE 740 
ISOBUTYLBENZENE TSOBUTYLBENZENE 350 
TSOBUTYLCYCLOHEXANE TSOBUTYLCYCLOHEXANE 159 
ISOBUTYLCYCLOPENTANE TSOBUTYLCYCLOPENTANE 125 
ISOBUTYLENE TSOBUTENE 197 
ISOBUTYL METHYL CARBINOL 4-METHYL~2-PENTANOL 723 
TSOBUTYLMETHYLMETHANOL 4-METHYL-2-PENTANOL 723 
ISOBUTYLTRIMETHYLETHANE 2,2,4-TRIMETHYLPENTANE 37 
TSOBUTYRIC ACID 2-METHYLPROPIONIC ACID 704 
1SOCUMENE fn-PROPYLBENZENE 341 
TSOO IPHENYLBENZENE 1,3-DIPHENYLBENZENE 425 
TSOHEPTANE 2-METHYLHEXANE 15 
TSOHEXANE 2-METHYLPENTANE 10 
TSOOCTANE 2-METRYLHEPTANE 2 
TSOPENTADIENE 2-METHYL-1,3-BUTADIENE eos 
SS eS a 
ISOPENTANE TSOPENTANE 7 
ISOPENTANOIC ACID 3-METHYLBUTYRIC ACID 707 
TSOPRENE 2-METHYL-1,3-BUTADIENE 299 
ISOPROPANOL TSOPROPANOL 712 
TSOPROPENYLBENZENE 2-PROPENYLBENZENE 387 
2- ISOPROPOXY PROPANE DIISOPROPYL ETHER 865 
ISOPROPYL ACETATE ISOPROPYL ACETATE 760 
ISOPROPYL ACETIC ACID 2-PROPENYL BENZENE 387 
TSOPROPYL ALCOHOL ISOPROPANOL 712 
TSOPROPYLAMINE ISOPROPY LAM INE 738 
TSOPROPYL BENZENE TSOPROPYLBENZENE 342 
TSOPROPYLBENZOL TSOPROPYLBENZENE 342 
ISOPROPYL CARBINOL 1SOBUTANOL 716 
TSOPROP YLCYCLOWEXANE TSOPROPYLCYCLOHEXANE 157 
TSOPROPYLCYCLOPENTANE TSOPROPYLCYCLOPENTANE 110 
TSOPROPYL ETHER DIISOPROPYL ETHER 865 
TSOPROPYLETHYLENE 3-METHYL-1-B8UTENE 202 
ISOPROPYLFORMIC ACID 2-METHYLBUTYRIC ACID 706 
1- ISOPROPYL-2-METHYL BENZENE o-CYMENE 356 
1-ISOPROPYL-3-METHYL BENZENE m-CYMENE 357 
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100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
1+1SOPROPYL-4-METHYL BENZENE p-CYMENE 358 
4-TSOPROPYL-1-METHYL BENZENE p-CYMENE . 358 
ISOPROPYL TOLUENE p-CYMENE 358 
Br ISOPROPYLTOLUENE m- CYMENE 357 
0- ISOPROPYLTOLUENE o-CYMENE 356 
p- ISOPROPYL TOLUENE p-CYMENE 358 
1SOQUINOL INE ISOQUINOL INE 831 
ISOVALERIC ACID ISOPROPYLBENZENE 342 
KARSAN FORMALDEHYDE 728 
KELENE ETHYL CHLORIDE 818 
a ee en 
KETONE PROPANE ACETONE 821 
beta-KETOPROPANE ACETONE 821 
KRYPTON KRYPTON 787 
LAURYLBENZENE n-DODECYLBENZENE 378 
LEMONENE BIPHENYL 396 
ee 
LEUCOL INE TSOQUINOLINE 881 
LUPROSIL PROPIONIC ACID 702 
MERCAPTOETHANE ETHYL MERCAPTAN 830 
MERCAPTOMETHANE METHYL MERCAPTAN 827 
MESITYLENE 1,3,5-TRIMETHYLBENZENE 348 
na ns oe ee 
METACETONE DIETHYL KETONE 823 
METHACROLEIN METHACROLEIN 734 
METHACRYLALDEHYDE METHACROLEIN 734 
METHACRYLIC ALDEHYDE METHACROLEIN TH 
METHALDEHYDE FORMALDEHYDE 728 
ee ea 
METHANAL FORMALDEHYDE 728 
METHANE METHANE 1 
METHANE CARBOXYLIC ACID ACETIC ACID 701 
METHANE DICHLORIDE DICHLOROME THANE 808 
METHANE TETRACHLORIDE ; CARBON TETRACHLORIDE &02 
eee 
METHANETHIOL METHYL MERCAPTAN ; 828 
METHANE TRICHLORIDE CHLOROFORM 806 
METHANOIC ACID FORMIC ACID 700 
METHANOL METHANOL 709 
METHENYL TRICHLORIDE CHLOROFORM 806 
3 
METHYLACE TALDEHYDE n- PROP IONALDEHYDE 730 
METHYL ACETATE METHYL ACETATE 753 
METHYLACETIC ACID PROPIONIC ACID 702 
METHYLACETYLENE METHYLACETYLENE 323 
METHYLACROLEIN METHACROLEIN 734 
a a ee ee 
2-METHYLACROLEIN METHACROLEIN 734 
alpha-METHYLACROLEIN METHACROLEIN 734 
METHYL ACRYLALDEHYDE METHACROLEIN 734 
METHYL ALCOHOL METHANOL 709 
METHYL ALDEHYDE FORMALDEHYDE 728 
Lani ee eercEmemmcacee rere na a a eee 
METHYLALLENE 1,2-BUTADIENE 291 
1-METHYLALLENE 1,2-BUTADIENE 291 
METHYLAMINE METHYLAMINE 735 
2-METHYL - 1-AMINOPROPANE ISOBUTYLAMINE 740 
2-METHYL -2-AMINOPROPANE tert-BUTYLAMINE 742 
1-40 1997 
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COMPOUND 


METHYL AMYL ALCOHOL 

METHYL-tert-AMYL ETHER 
1-METHYLAZACYCLOPENTANE-2-ONE 

METHYLBENZENE 

METHYLBENZOL 


2-METHYL- [cis-BICYCLO(4,4,0) DECANE} 
2-METHYL~ [trans-BICYCLO[4,4,O] DECANE} 


betea-METHYL BIVINYL 
CiS-1-METHYL BUTADIENE 


TABLE ENTRY NAME 


4-METHYL-2-PENTANOL 
METHYL-tert-AMYL ETHER 
N-METHYL-2-PYRROL IDONE 
TOLUENE 
TOLUENE 


1-METHYL- [¢ is-DECAHYDRONAPHTHALENE] 


1-METHYL- [trans-DECAHYDRONAPHTHALENE] 


2-METHYL-1,3-BUTADIENE 


2-METHYL BUTADIENE 


2-METHYL-1,3-BUTADIENE 
3-METHYL BUTADIENE 
3-METHYL-1,2- BUTADIENE 
2-METHYL BUTANE 
METHYL BUTANOATE 


2-METHYL BUTANOIC ACID 
3-METHYL BUTANOIC ACID 
2-METHYL-1-BUTANOL 
2-METHYL BUTANOL -2 
2-METHYL-2-BUTANOL 


3-METHYLBUTAN-2-OL 
3-METHYL-2-BUTANOL 
2-WETHYL-1-BUTENE 
3-METHYL-1-BUTENE 
2-METHYL -2-BUTENE 


2-METHYL-3~-8UTENE 
METHYL-t-BUTYL ETHER 
METHYL-tert-BUTYL ETHER 
METHYL-m-BUTYL KETONE 
METHYLBUTYL SULFIDE 


3-METHYL- 1-BUTYNE 
METHYL BUTYRATE 
METHYL n-BUTYRATE 

2-METHYLBUTYRIC ACID 

3-METHYLBUTYRIC ACID 


N-METHYL - gamma-BUTYROLACTAM 
METHYL CARBINOL 
METHYL CHLORIDE 
METHYLCYCLOBUTANE 
METHYLCYCLOHEXANE 


1-METHYLCYCLOHEXENE 
METHYLCYCLOPENTANE 

1-METHYLCYCLOPENTENE 
METHYLCYCLOPROPANE 

1-METHYL -cis~DECAHYDRONAPHTHALENE 


1-METHYL- trans -DECAKYDRONAPHTHALENE 
METHYL DIETHANOLAMINE 

N-METHYL DIETHANOLAMINE 

1-METHYL-2,3-DIHYDROINDENE 

2-METHYL-2,3-D I KYDROINDENE 


cis-1,3-PENTADIENE 


2-METHYL-1,3-BUTADIENE 


2-METHYL-1,3-BUTADIENE 
3-METHYL-1,2-BUTADIENE 
3-METHYL-1,2-BUTADIENE 
ISOPENTANE 
METHYL n-BUTYRATE 


2-METHYLBUTYRIC ACID 
3-METHYLBUTYRIC ACID 
2-METHYL - 1-BUTANOL 
2-METHYL-2-BUTANOL 
2-METHYL-2-BUTANOL 


3-METHYL~2-BUTANOL 
3-METHYL-2-BUTANOL 
2-METHYL - 1-BUTENE 
3-METHYL-1-BUTENE 
2-METHYL-2-BUTENE 


3-METHYL - 1-BUTENE 
METHYL-tert-BUTYL ETHER 
METHYL-tert-BUTYL ETHER 
METHYL-n-BUTYL KETONE 
2-THIAHEXANE 


3-METHYL-1-BUTYNE 
METHYL n-BUTYRATE 
METHYL n-BUTYRATE 

2-METHYLBUTYRIC ACID 

3-METHYLBUTYRIC ACID 


N-METHYL-2-PYRROL IDONE 
ETHANOL 
METHYL CHLORIDE 
METHYLCYCLOBUTANE 
METHYLCYCLOHEXANE 


1-METHYLCYCLOHEXENE 
METHYLCYCLOPENTANE 
1-METHYLCYCLOPENTENE 
ME THYLCYCLOPROPANE 
1-METHYL-cis-DECAHYDRONAPHTHALENE 


1-METHYL - trams-DECAHYDRONAPHTHALENE 
METHYL DIETHANOLAMINE 
METHYL DIETHANOLAMINE 
1-METHYL-2,3-DIHYDROINDENE 
2-METHYL-2,3-DIHYDROINDENE 
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767 
860 
336 
336 


186 
187 


BRRRR | ASSIN) AISS3 | AL BIs] SRY 
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100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
46-METHYL-2,3-DIHYDROINDENE 4-METHYL-2,3-DIHYDROINDENE 469 
5-METHYL -2,3-DIHYDROINDENE 5-METHYL-2,3-DIHYDROINDENE 470 
1-METHYL~-1,1-DIMETHYLETHYLETHER METHYL-tert-BUTYL ETHER 766 
METHYLENE BICHLORIDE OITCHLOROMET HANE 8038 
METHYLENE CHLORIDE DICHLOROMETHANE 808 
METHYLENE DICHLORIDE OI CHLOROME THANE 808 
METHYLENE GLYCOL 1,2-PROPYLENE GLYCOL 850 
METHYLENE OXIDE FORMALDEHYDE 728 
2-METHYLENEPROPANAL METHACROLEIN 734 
4, 7-METHYLENE-4,7,8,9- TETRAHYDROINDENE DICYCLOPENTADIENE 319 


SN tyne 


METHYL ETHANOATE 
1-METHYL ETHANOL 

METHYL ETHENE 
1-METHYL-2-ETHENYL BENZENE 
1-METHYL-3-ETHENYL BENZENE 


METHYL ACETATE 753 
TSOPROPANOL 712 
PROPYLENE 193 
1-METHYL-2-ETHENYL BENZENE 388 
1T-METHYL-3-ETHENYL BENZENE 389 


a ern em 


1-METHYL-4-ETHENYL BENZENE 
METHYL ETHER 
T-METHYLETHYL ALCOKOL 
1-METHYLETHYLBENZENE 
4-METHYLETHYLBENZENE 


1-METHYL~4-ETHENYL BENZENE 390 
DIMETHYL ETHER 763 
ISOPROPANOL 712 
TSOPROPYLBENZENE 342 

p- ETHYLTOLUENE 345 


Fev teresa 


m-METHYLETHYLBENZENE 
O-METHYLETHYLBENZENE 
p-METHYLETHYLBENZENE 
1-METHYL-2-ETHYLBENZENE 
1-METHYL-3-ETHYLBENZENE 


m-ETHYLTOLUENE 344 
O-ETHYLTOLUENE 343 
Pc ETHYL TOLUENE 345 
o~ETHYLTOLUENE 343 
m-ETHYLTOLUENE 344 


rrr ar eee pS 


1-METHYL-4-ETHYLBENZENE 
3-METHYL -2-ETHYL- 1-SUTENE 
1-METHYLETHYLCYCLOHEXANE 
1-METHYLETHYLCYCLOPENTANE 
1-METRYL- 1-ETHYLCYCLOPENTANE 


p- ETHYL TOLUENE 345 
3-METHYL-2-ETHYL- 1-BUTENE 255 
TSOPROPYLCYCLOHEXANE 157 
I1SOPROPYLCYCLOPENTANE 110 
1-METHYL-1-ETHYLCYCLOPENTANE 111 


rr rr gg 


cis-1-METHYL-2-ETHYLCYCLOPENTANE cis-1-METHYL-2-ETHYLCYCLOPENTANE 112 
trans- 1-METHYL-2-ETHYLCYCLOPENTANE trans-1-METHYL-2-ETHYLCYCLOPENTANE 113 
Cis-1-METHYL-3-ETHYLCYCLOPENTANE cis-1-METHYL-3-ETHYLCYCLOPENTANE 114 
trans-1-METHYL-3-ETHYLCYCLOPENTANE trans- 1-METHYL-3-ETHYLCYCLOPENTANE V5 
METHYLETHYLENE PROPYLENE 193 


METHYLETHYLENE GLYCOL 
1-METHYLETHYL ETHANOATE 
METHYL ETHYL ETHER 
METHYL ETHYL KETONE 
2-METHYL-3-ETHYLPENTANE 


3-METHYL-3-ETHYLPENTANE 
METHYLETHYL SULFIDE 
METHYLETHYWE 
METHYL FLUORIDE 
METHYL FLUOROFORM 


1, 


1,1, 


2-PROPYLENE GLYCOL 850 
ISOPROPYL ACETATE 760 
METHYL ETHYL ETHER 764 
METHYL ETHYL KETONE 822 

2-METHYL-3-ETHYLPENTANE 34 

3-METHYL-3-ETHYLPENTANE 35 

2-THIABUTANE 832 
METHYLACETYLENE 323 
METHYL FLUORIDE 810 

1-TRIFLUOROETHANE 812 


ea eee 


METHYL FORMATE 
2-METHYLHEPTANE 
3-METHYLHEPTANE 
4-METHYLHEPTANE 
2-METHYL-1-HEPTENE 
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METHYL FORMATE 752 
2-METHYLHEPTANE 26 
3-METHYLHEPTANE 235 
4-METHYLHEPTANE 26 
2-METHYL-1-HEPTENE 264 
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COMPOUND 


3-METHYL- 1-HEPTENE 
trans~-3-METHYL-3-HEPTENE 

4-METHYL-1-REPTENE 
trans-6-METHYL-2-HEPTENE 

2-METHYL-1,5-HEXADIENE 


2-METHYL-2,4-HEXADIENE 
2@-METHYLHEXANE 
3-METHYLHEXANE 
(3rs)-METHYLHEXANE 
2-METHYL-1-HEXENE 


2-METHYL-2-HEXENE 
cis-2-METHYL-3-HEXENE 
trans-2-METHYL-3-HEXENE 
3-HETHYL-1-HEXENE 
cis-3-METHYL-2-HEXENE 


trans -3-METHYL-2-HEXENE 
cis~3-METHYL-3-HEXENE 
trans -3-METHYL-3-HEXENE 
4-METHYL-1-HEXENE 
Cis-6-METHYL-2-HEXENE 


trans-4-METHYL-2-HEXENE 
5-METHYL - 1-HEXENE 
cis-5-METHYL -2-HEXENE 

trans-5-METHYL-2-HEXENE 
METHYL HYDRIDE 


100.1 


TABLE ENTRY NAME TABLE SEQUENCE NUMBER 


METHYL HYDROXIDE 


1-METHYL-4-HYDROXYBENZENE 

N-METHYLIMINOOIETHANOL 

n-METHYL-2,2-IMINODIETHANOL 
2,2-(METHYLIMINO) DIETHANOL 


1-METHYLINDENE 
2-METHYLINDENE 
METHYL ISOBUTYL CARBINOL 
METHYL ISOBUTYL KETONE 
P-METHYL I SOPROPYLBENZENE 


1-METHYL -4- I SOPROPYLCYCLOHEXANE 
METHYL KETONE 
METHYL MERCAPTAN 
METHYL METHANE 
METHYL METHANOATE 


1-METHYL-2-(1-METHYLETHYL )BENZENE 


1-METHYL -3- (1-METHYLETHYL BENZENE 
1-METHYL-4-(1-METHYLETHYL )BENZENE 
1-METHYL-4- (1-METHYLETHYL )CYCLOHEXANE 
1-METHYL-4(4-METHYLPHENYL ) - BENZENE 


METHYL MONOSUL FIDE 
1-METHYLNAPHTHALENE 
2-METHYLNAPHTHALENE 
2-METHYLNONANE 
3-METHYLNONANE 
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3-METHYL-1-HEPTENE 265 
trans-3-METHYL-3-HEPTENE 268 
4-METHYL-1-HEPTENE 266 

trans -6-METHYL~2-HEPTENE 267 
2-METHYL-1,5-HEXADIENE 305 
2-METHYL-2,4-HEXADIENE 306 
2-METHYLHEXANE 15 
3-METHYLHEXANE 16 
3-METHYLHEXANE 16 
@-METHYL~1-KEXENE 226 
2-METHYL-2-HEXENE 230 
Cis-2-METHYL-3-HEXENE 237 
trans~-2-METHYL-3-HEXENE 238 
3-METHYL - 1-HEXENE 227 
Cis-3-METHYL-2-HEXENE 231 
trans-3-METHYL-2-HEXENE 232 
Cis-3-METHYL-3-HEXENE 239 
trans-3-METHYL-3-HEXENE 240 
4-METHYL- 1-HEXENE 228 
Cis-4~-METHYL-2-HEXENE 233 
trans-4-METHYL-2-HEXENE 234 
5-METHYL-1-HEXENE 229 
cis-5-METHYL-2-HEXENE 235 
trans-5-METHYL-2-HEXENE 236 
METHANE 1 
METHANOL 709 
p-CRESOL 727 
METHYL DIETHANOLAMINE 856 

METHYL DIETHKANOLAMINE 856 

METHYL DIETHANOLAMINE 856 
1-METHYLINDENE 464 
2-METHYLINDENE 465 
4-METHYL-2-PENTANOL 723 
METHYL ISOBUTYL KETONE B24 

p- CYMENE 358 
1-METHYL-4- I SOPROPYLCYCLOHEXANE 162 
ACETONE 821 

METHYL MERCAPTAN 827 

ETHANE 2 

METHYL FORMATE 752 
O-CYMENE 356 

m- CYMENE 357 

p- CYMENE 358 
1-METHYL~4- ISOPROPYLCYCLOKEXANE 162 
T-METHYL-4(4-METHYLPHENYL )-BENZENE 401 
DIMETHYL SULFIDE 829 
1-HETHYLNAPHTHALENE 428 
2-METHYLNAPHTHALENE 429 
2-METHY LNONANE 6&3 
3-METHYLNONANE & 
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100.1 
COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
4-METHYLNONANE 4-METHYLNONANE 65 
5-METHYLNONANE 5-METHYLNONANE 66 
2-METHYLOCTANE 2-METHYLOCTANE 42 
3-METHYLOCTANE 3-METHYLOCTANE 43 
4-METHYLOCTANE 4-METHYLOCTANE 44 
METHYLOLPROPANE n- BUTANOL 713 
3-METHYL-1,2-PENTADIENE 3-METHYL-1,2-PENTADIENE 304 
METHYL PENTANE 2-METHYLPENTANE 10 
2-METHYLPENTANE 2-METHYLPENTANE 10 
3-METHYLPENTANE 3-METHYLPENTANE 11 
2-METHYL-4-PENTANOL 4-METHYL-2-PENTANOL 723 
4-METHYL-2-PENTANOL 4-METHYL -2-PENTANOL 723 
4-METHYL-2-PENTANONE METHYL ISOBUTYL KETONE 826 
2-METHYL- 1-PENTENE 2-METHYL-1-PENTENE 209 
2°METHYL-2-PENTENE 2-METHYL-2-PENTENE 212 
3-METHYL-1-PENTENE 3-METHYL-1-PENTENE 210 
¢is-3-METHYL-2-PENTENE cis-3-METHYL-2-PENTENE 213 
trans-3-METHYL-2-PENTENE trans-3-METHYL-2-PENTENE 216 
4-METHYL-14-PENTENE 4-METHYL-1-PENTENE 211 
cis-4-METHYL-2-PENTENE cis-4-METHYL~2-PENTENE 215 
a eee 
trans-4-METHYL-2-PENTENE trans-4-METHYL-2-PENTENE 216 
METHYL-tert-PENTYL ETHER METHYL-tert-AMYL ETHER 767 
METHYLPENTYL SULFIDE 2-THIAHEPTANE 842 
2-METHYLPHENOL o-CRESOL 725 
3-METHYLPHENOL m-CRESOL 726 
i ee ee 
4-METHYLPHENOL p-CRESOL 727 
m-METHYLPHENOL m-CRESOL 726 
o-METHYLPHENOL o-CRESOL 725 
p-METHYLPHENOL p-CRESOL 727 
4-METHYL-2-PHENYLBENZENE 1-METHYL-2-PHENYLBENZENE 397 
a eS 
1-METHYL-3-PHENYLBENZENE 1-METHYL-3-PHENYLBENZENE 398 
1-METHYL -4-PHENYLBENZENE 1-METHYL-4-PHENYLBENZENE 399 
1-METHYL- 1-PHENYL-ETHYLENE 2-PROPENYLBENZENE 387 
as-METHYLPHENYLETHYLENE 2-PROPENYLBENZENE 387 
cis-METHYLPHENYL -ETHYLENE 2-PROPENYLBENZENE 387 
he a hs 
o-METHYLPHENYLOL o-CRESOL 725 
2-METHYL-1-PHENYLPROPANE ISOBUTYLBENZENE 350 
2-METHYL~2-PHENYLPROPANE tert-BUTYLBERZENE 352 
2-METHYL- 1-PROPANAMINE ISOBUTYLBENZENE 740 
2-METHYL -2-PROPANAMINE tert-BUTYLAMINE 762 
ea a a a Le OY SO SD ee eee 
2-METHYL PROPAKE ISOBUTANE 5 
2-METHYL - 1-PROPANETHIOL 2-METHYL-1-PROPANETHIOL 837 
2-METHYL PROPANOIC ACID 2-METHYLPROPIONIC ACID 704 
METHYL PROPANOL TSOBUTANOL 714 
1-METHYLPROPANOL sec-BUTANOL rab 
a a ne ie, 
2-METHYLPROPANOL TSOBUTANOL 714 
2-METHYL PROPAN-1-OL TSOBUTANOL 714 
2-METHYL PROPAN~2-OL tert-BUTANOL 716 
2-METHYL PROPANOL-1 ISOBUTANOL 714 
2-METHYL PROPANOL-2 tert-SUTANOL 716 
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100.1 


TABLE SEQUENCE NUMBER 


2-METHYL -2-PROPANOL tert-BUTANOL 716 
2-METHYL PROPENAL METHACROLEIN 734 
1-METHYL-4-(trans-1-n-PROPENYL )BENZENE 1-METHYL-6-(trans-1-n-PROPENYL)BENZENE 391 
2-METHYLPROPENE 1 SOBUTENE 197 
2-METHYLPROPIONIC ACID 2-METHYLPROPIONIC ACID 704 
alpha-METHYLPROPIONIC ACID 2-METHYLPROPIONIC ACID 704 
2-METHYLPROPYL ALCOHOL ISOBUTANOL 714 
T-METHYLPROPYL BENZENE sec-BUTYLBENZENE 351 
2-METHYLPROPYL BENZENE ISOBUTYLBENZENE 350 
1-KETHYL-2-n-PROPYLBEWZENE 1-METHYL-2-n-PROPYLBENZENE 353 
4-METHYL-3-n-PROPYLBENZENE 1-METHYL-3-n-PROPYLBENZENE 354 
1-METHYL-4-n-PROPYLBENZENE 1-METHYL-4-n-PROPYLBENZENE 355 
2-METHYLPROPYLBENZENE ISOBUTYLBENZENE 350 
METHYL PROPYL CARBINOL 2-PENTANOL 718 
4-METHYLPROPYLCYCLOHEXANE sec-BUTYLCYCLONEXANE 160 
2-METHYLPROPYLCYCLOHEXANE ISOBUTYL CYCLOHEXANE 159 
1-METHYL - 1-n-PROPYLCYCLOPENTANE 1-METHYL- 1-n-PROPYLCYCLOPENTANE 126 
2-METHYLPROPYLCYCLOPENTANE ISOBUTYLCYCLOPENTANE 125 
METHYL-n-PROPYL KETONE METHYL-n-PROPYL KETONE 825 
1-METHYLPYRROL ID INONE N-METHYL-2-PYRROL IDONE 860 
N-METHYLPYRROLIDINONE N-METHYL-2-PYRROL IDONE 860 
N-METHYL- al pha-PYRROLIDINONE N-METHYL-2-PYRROL IDONE 860 
1-METHYLPYRROL IDONE N-METHYL-2-PYRROLIDONE 860 
N-METHYLPYRROL IDONE N-METHYL-2-PYRROL IDONE 860 
N-METHYL -2-PYRROL IDONE N-METHYL-2-PYRROLIDONE 860 
N-METHYL-alpha-PYRROL IDONE N-METHYL~2-PYRROLIDONE 860 
alpha-METHYLSTYRENE 2-PROPENYLBENZENE 387 
cis, beta-METHYLSTYRENE cis-1-PROPENYLBENZENE 385 
trans, beta-METHYLSTYRENE trans-1-PROPENYLBENZENE 386 
™m-METHYLSTYRENE 1-METHYL-3-ETHENYLBENZENE 389 
O-METHYLSTYRENE 1-METHYL-2-ETHENYLBENZENE 388 
p-METHYLSTYRENE 1-METHYL-4-ETHENYLSENZENE 390 
METHYL SULFHYDRATE METHYL MERCAPTAN 827 
METHYL SULFOXIDE DIMETHYL SULFOXIDE 861 
1-METHYL-1,2,3,46-TETRAHYDRONAPHTHALENE J-METHYL-1,2,3,4-TETRAHYDRONAPHTHALENE 447 
METHYL THIOALCOHOL METHYL MERCAPTAN 827 
m-METHYL TOLUENE m-XYLERE 339 
O-METHYLTOLUENE o-XYLENE 338 
p- METHYL TOLUENE p-XYLENE 340 
METHYL TRICHLORIDE CHLOROFORM 806 
a a 
MONOBUTYLAM I NE n-BUTYLAMINE 739 
MONOCHLORETHANE ETHYL CHLORIDE 818 
MONOCHL OROE THANE ETHYL CHLORIDE 818 
MONOCHL OROETHYLENE VINYL CHLORIDE 811 
MONOCHLOROMETHANE METHYL CHLORIDE 809 
MONOCHLOROTRI FLUOROMETHANE CHLOROTRI FLUOROME THANE 799 
MONOE T HANOLAMI NE MONOE THANOLAMINE 853 
MONOE THYLAMINE ETHYLAMINE 736 
MONOF LUOROD I CHLOROME THANE DICHLOROF LUOROME THANE 805 
MONOF LUOROTR I CHLOROME THANE TRICHLOROF LUOROME THANE 801 
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COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
MONOKYDROXYBENZENE PHENOL 724 
MONOHYDROXYME THANE METHANOL 709 
MONOMETHY LAMINE METHYLAMINE 735 
MONOPROPY LAMINE N-PROPYLAMINE 737 
MONOPROPYLENE GLYCOL 1,2-PROPYLENE GLYCOL 850 
MONOVINYLACETYLENE VINYLACETYLENE 326 
MORPHOL INE MORPHOL INE 745 
‘NAPHTHACENE NAPHTHACENE 482 
WAPHTHALEWE NAPHTHALENE 427 

P- NAPHTHALENE ANTHRACENE 47% 


rrr rc 


NAPHTHALENE -1,2,3,4-TETRAHYORIDE 1,2,3,4-TETRAHYDRONAPHTHALENE 446 
NAPHTHAL INE WAPHTHALENE 427 
1,2-(€1,8-NAPHTHYLENE )BENZENE FLUORANTHENE 477 
WEOAMYL ALCOHOL 2,2-DIMETHYL-1-PROPANOL ; 722 
NEOHEXANE 2,2-DIMETHYL~1-PROPANOL 722 
——— eee 
NEON NEON 788 
NEOPENTANE NEOPENTANE 8 
NEOPENTANOL 2,2-DIMETHYL- 1-PROPANOL 722 
NITRIC OXIDE NITRIC OXIDE 790 
NITRILO-2,2! ,2'-TRIETHANOL TRIETHANOLAMI NE 857 


re en 


2,2,2-NITRILOTRIETHANOL TRIETHANOLAMI NE 857 
2,2',2'-NITRILOTRIETHANOL TRIETHANOLAMINE 857 
NITROGEN NITROGEN 789 
NITROGEN DIOXIDE NITROGEN DIOXIDE 792 
NITROGEN PEROXIDE NITROGEN TETROXIDE 793 


rrr 


NITROGEN TETROXIDE NITROGEN TETROXIDE 793 
NITROUS OXIDE NITROUS OXIDE 791 
n- NONACOSANE n- NONACOSANE 91 
n- NONADECANE Nn- NONADECANE 81 
1-NONADECENE 1-NONADECENE 288 


eee 


N- NONADECYLCYCLOHEXANE n- NONADECYLCYCLOHEXANE 177 
n-NONADECYLCYCLOPENTANE n-NONADECYLCYCLOPENTANE 144 
n-NONANE m-NONANE 41 
1-NONENE 1-NONENE 278 
n-NONYLBENZENE n-NONYLBENZENE 375 
t- NONYLCYCLOHEXANE n-NONYLCYCLOHEXANE 167 
N-NONYLCYCLOPENTANE n-NONYLCYCLOPENTANE 134 
1-m-NONYLNAPHTHALENE 1-n-NONYLNAPHTHALENE 443 
@-n-NONYLNAPHTHALENE 2-m-NONYLNAPHTHALENE 444 


1-n-NONYL-1,2,3,4-TETRAHYDONAPHTHALENE 


1-n-NONYL-1,2,3,4-TETRAHYDRONAPHTHALENE 461 


1-NONYNE 1-NONYNE 333 
NOP INENE beta-PINENE 321 
n-OCTACOSANE n-OCTACOSANE 90 
N-OCTADECANE f- OCTADECANE 80 
1-OCTADECENE 1-OCTADECENE 287 
n-OCTADECYLCYCLOHEXANE N- OCTADECYLCYCLOHEXANE 176 
n-OCTADECYLCYCLOPENTANE t- OCTADECYLCYCLOPENTANE 143 
2,6-OCTADIENE 2,6-OCTADIENE 307 
n-OCTANE n- OCTANE 23 
1-OCTENE 1-OCTENE 257 
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COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
cis-2-OCTENE cis-2-OCTENE 258 
trans~-2-OCTENE trans-2-OCTENE 239 
cis-3-OCTENE cis-3-OCTENE 260 
trans-3-OCTENE trans-3-OCTENE 261 
cis-4-OCTENE cis-4-OCTENE 262 
i 
trans-46-OCTENE trans-4-OCTENE 263 
al pha-OCTENE 1-OCTENE 257 
n-OCTYLBENZENE n-OCTYLBENZENE 374 
n-OCTYLCYCLOHEXANE n~-OCTYLCYCLOHEXANE 166 
n- OCTYLCYCLOPENTANE n-OCTYLCYCLOPENTANE 133 
1-n-OCTYLWAPHTHALENE 4-n-OCTYLNAPHTHALENE 442 
1-n-OCTYL-1,2,3,4-TETRAHYDRONAPHT HALENE 1-n-OCTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 460 
1-OCTYNE 1-OCTYNE 332 
ORTHOCRESOL o-CRESOL 725 
OXACYCLOPENTANE TETRAHYDROFURAN 768 
3-OXAPENTANE-1,5-DIOL DIETHYLENE GLYCOL 851 
OXOME THANE FORMALDEHYDE 728 
1,1°-OXYBISETHANE DIETHYL ETHER 765 
2,2"-OXYBISCETHANOL) DIETHYLENE GLYCOL 851 
2,2'-OXYDIETHANOL DIETHYLENE GLYCOL 851 
ne ee 
OXYGEN OXYGEN 794 
o-OXYTOLUENE o-CRESOL 725 
p-OXYTOLUENE p- CRESOL 727 
OZONE OZONE 795 
PARANAPHTHALENE ANTHRACENE 47% 
n-PENTACOSANE n- PENTACOSANE 87 
n-PENTADECANE n-PENTADECANE 77 
1-PENTADECENE 1-PENTADECENE 284 
n- PENTADECYLBENZENE n-PENTADECYLBENZENE 381 
n-PENTADECYLCYCLOHEXANE N-PENTADECYLCYCLOHEXANE 173 
n-PENTADECYLCYCLOPENTANE n-PENTADECYLCYCLOPENTANE 140 
1,2-PENTADIENE 1,2-PENTADIENE 293 
cis-1,3-PENTADIENE Cis-1,3-PENTADIENE 294 
trans-1,3-PENTADIENE trans-1,3-PENTADIENE 295 
1,cis-3-PENTADIENE cis-1,3-PENTADIENE 294 
1, trans-3-PENTADIENE trans-1,3-PENTADIENE 295 
1,4-PENTADIENE 1,4-PENTADIENE 296 
2,3-PENTADIENE 2,5°PENTADIENE 297 
PENTAMETHYLENE CYCLOPENTANE 101 
Tn- PENTANE n-PENTANE 6 
—--s1—— FTF HOOWAT{T#{ UIE eee 
tert-PENTANE NEOPENTANE 8 
1-PENTANETHIOL 1-PENTANETHIOL 841 
M-PENTANOIC ACID m-PENTANOIC ACID 705 
PENTANOL-1 1-PENTANOL 717 
PENTANOL -2 2-PENTANOL 718 
a 
PENTAN-4-OL 4+-PENTANOL 717 
n-PENTANOL 1-PENTANOL 717 
1-PENTANOL 1-PENTANOL T17 
2-PENTANOL 2-PENTANOL 718 
1-PENTANOL ACETATE N-PENTYL ACETATE 762 
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2-PENTANOWE METHYL-n-PROPYL KETONE B24 
3-PENTANONE DIETHYL KETONE 823 
PENTASOL 1-PENTANOL 717 

1-PENTENE 1-PENTENE 198 3 
cis-2-PENTENE Cis*2-PENTENE 199 
trams-2-PENTENE trans-2-PENTENE 200 
R-PENTINE - CYCLOPENTADIENE 318 
PENTOLE CYCLOPENTADIENE 318 
1-PENTYL ACETATE M-PENTYL ACETATE 762 
M-PENTYL ACETATE M-PENTYL ACETATE 762 

—_——— 
PENTYL ALCOHOL 1-PENTANOL 717 
M-PENTYL ALCOHOL 1-PENTANOL 717 
sec-PENTYL ALCOHOL 2-PENTANOL 718 
n- PENTYLBENZENE Tr PENTYLBENZENE 371 
M- PENTYLCYCLOHEXANE n-PENTYLCYCLOHEXANE , 163 
i eee 

n-PENTYLCYCLOPENTANE n-PENTYLCYCLOPENTANE 130 
PENTYL ETHANOATE N-PENTYL ACETATE 762 
1-n-PENTYLNAPHTHALENE 1-n-PENTYLNAPHTHALENE 438 


1-n-PENTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 
6-n-PENTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 


Ten*PENTYL-1,2,3,4-TETRAHYDRONAPHTHALENE 456 


6-n-PENTYL-1,2,3,4-TETRAHYORONAPHTHALENE 


457 


nen 


1-PENTYNE 

2-PENTYNE 
PERCHLOROME THANE 
PHENANTHRENE 
PHENOL 


PHENYLACETYLENE 

PHENYL ALCOHOL 

PHENYL BENZENE 
2-PHENYL BIPHENYL 
3-PHENYL BIPHENYL 


4-PHENYL BIPHENYL 

2-PHENYL - 1-BUTENE 

4-PHENYL DIPHENYL 
PHENYLETHYLENE 
PHENYLETHYNE 


PHENYLHYDRIDE 
1-PHENYL I SOBUTANE 
a PHENYLMETHANE 
2-PHENYL-2-METHYLPROPANE 
1~-PHENYLPROPANE 


cis-1-PHENYL-1-PROPENE 

trans-1-PHENYL - 1-PROPENE 
2-PHENYLPROPENE 

2-PHENYL - 1-PROPEWE 
beta-PHENYLPROPENE 


2-PHEWYLPROPYLENE 

beta-PHENYLPROPYLENE 
PINENE 
2-PINENE 
2(10)-PINENE 
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1-PENTYNE 327 
2-PENTYNE 328 
CARBON TETRACHLORIDE B02 
PHENANTHRENE 475 
PHENOL 724 
PHENYLACETYLENE 422 
PHENOL 724 
BIPHENYL 396 
1,2-DIPHENYLBENZENE 424 
1,3-DIPHENYLBENZENE 425 
1,4-DIPHENYLBENZENE 426 
2-PHENYL- 1-BUTENE 395 
1,4-DIPHENYLBENZENE 426 
STYRENE 384 
PHENYLACETYLENE 422 
BENZENE 335 
ISOBUTYLBENZENE 350 
TOLUENE 336 
tert-BUTYLBENZENE 352 
m- PROPYLBENZENE 341 
cis-1-PROPENYLBENZENE 385 
trans-1-PROPENYLBENZENE 386 
2-PROPENYLBENZENE 387 
2-PROPENYLBENZENE 387 
2-PROPENYLBENZENE 387 
2-PROPENYLBENZENE 387 
2-PROPENYL BENZENE 387 

al pha-PINENE 320 
alpha-PINENE 320 
beta-PINENE 321 
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alpha-PINENE alpha-PINENE 320 
beta-PINENE beta-PINENE 321 
PRIMARY AMYL ALCOHOL 1-PENTANOL 717 
PROPAD I ENE PROPADIENE 290 
PROPALDEHYDE N= PROP IONALDEHYDE 730 
PROPANAL N= PROP IONALDEHYDE 730 
PROPANAMI NE Th PROPYLAMINE 737 
PROPANE PROPANE 3 
nn PROPANE PROPANE 3 
PROPANE CARBOXYLIC ACID n-BUTYRIC ACID 703 
1-PROPANE CARBOXYLIC ACID M-BUTYRIC ACID 703 
1,2-PROPANEDIOL 1,2-PROPYLENE GLYCOL 850 
PROPANE -1,2-DI10L 1,2-PROPYLENE GLYCOL 850 
PROPANE, 2-HYDROXY ISOPROPANOL 712 
1-PROPANETHIOL 1-PROPANETHIOL 833 
PROPANOIC ACID PROPIONIC ACID 702 
PROPANOL n-PROPANOL 711 
PROPANOL - 1 n-PROPANOL 711 
PROPAN-2-OL ISOPROPANOL 712 
1-PROPANOL n= PROPANOL 711 
n-PROPAN- 1-OL n-PROPANOL 711 
M-PROPANOL n-PROPANOL 711 
2-PROPANOL ISOPROPANOL 712 
n- PROPAN-2-OL ISOPROPANOL 712 
sec-PROPANOL ISOPROPANOL 712 
PROPANOL, 2-METHYL ISOBUTANOL T14 
PROPANONE ACETONE 821 
PROPENAL ACROLEIN 732 
PROP-2-EN-1-AL ACROLEIN 732 
PROPENE PROPYLENE 193 
2->PROPEN- 1-ONE ACROLEIN 732 
cis-1-PROPENYL BENZENE Cis-1-PROPENYL BENZENE 385 
trans-1-PROPENYL BENZENE trans-1-PROPENYL BENZENE 386 
2-PROPENYL BENZENE 2-PROPENYL BENZENE 387 
PROPINE METHYLACETYLENE 323 
PROP I NOALDEHYDE n- PROP IONALDEHYDE 730 
PROP IONAL n~-PROP | ONALDEHYDE 730 
N-PROP IONALDEHYDE N~-PROP LONALDEHYDE 730 
PROPIONIC ACID PROPIONIC ACID 702 
PROPIONIC ALDEHYDE n-PROPYL ACETATE 759 
M-PROPYL ACETATE n-PROPYL ACETATE 759 
PROPYL ALCOHOL n-PROPANOL 711 
N-PROPYL ALCOHOL n-PROPANOL 711 
sec-PROPYL ALCOHOL ISOPROPANOL 712 
1-PROPYL ALCOHOL n> PROPANOL 711 
PROPYL ALDEHYDE N- PROP IONALDEHYDE 730 
N-PROPYLAMINE n- PROPYLAMINE 737 
N- PROPYLBENZENE n- PROPYLBENZENE 341 
PROPYL CARBINOL n-BUTANOL 713 
n- PROPYLCYCLOHEXANE fh- PROPYLCYCLOHEXANE 156 
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100.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 

f-PROPYLCYCLOPENTANE fh PROPYLCYCLOPENTANE 109 

1-n-PROPYLCYCLOPENTENE 1-n-PROPYLCYCLOPENTENE 314 

PROPYLENE PROPYLENE 193 

PROPYLENE CARBONATE PROPYLENE CARBONATE 848 

PROPYLENE CHLORIDE 1, 2-DICHLOROPROPANE 820 

PROPYLENE DICHLORIDE 1, 2-DICHLOROPROPANE 820 

alpha, beta-PROPYLENE DICHLORIDE 1,2-DICHLOROPROPANE 820 

PROPYLENE GLYCOL 1,2-PROPYLENE GLYCOL 850 

1,2-PROPYLENE GLYCOL 1,2-PROPYLENE GLYCOL 850 

alpha-PROPYLEWE GLYCOL 1,2-PROPYLENE GLYCOL 850 


a es ee 
9 


PROPYL ETHANOATE 


M-PROPYL ACETATE 


PROPYLETHYLENE 1-PENTENE 198 
N-PROPYL FORMATE n-PROPYL FORMATE 756 
PROPYL FORMIC ACID M-BUTYRIC ACID 703 
PROPYL HYDRIDE PROPANE 3 


oO 
730 


PROPYLIC ALDEHYDE 


PROPYL METHANOATE Nn-PROPYL FORMATE 756 
1-n-PROPYLNAPHTHALENE 1-n-PROPYLNAPHTHALENE 434 
2-n-PROPYLNAPHTHALENE 2->1-PROPYLNAPHTHALENE 435 
1-n-PROPYL-1,2,3,4-TETRAHYDRONAPHTHALENE 1-n-PROPYL-1,2,3,4-TETRAHYDRONAPHTHALENE 452 
6-n-PROPYL-1,2,3,4-TETRAHYDRONAPHTHALENE &-n-PROPYL-1,2,3,4-TETRAHYDRONAPHTHALENE 453 

1-PROPYNE METHYLACETYLENE 323 

PRUSSIC ACID HYDROGEN CYANIDE 78% 

PYRENE PYRENE 476 

PYRIDINE PYRIDINE 766 

eee ee 

PYROACETIC ACID ACETONE 821 

PYROPENTYLENE CYCLOPENTADIENE 318 

PYRROLYLENE 1,3-BUTADIENE 292 

QUINOL INE QUINOLINE v9 


SELEXOL 


ee 
6 


SKELLYSOLVE A 


f- PROP IONALDEHYDE 


SELEXOL 


n-PENTANE 


SODIUM HYDRATE SODIUM HYDORXIDE 847 
SODIUM HYDROXIDE SODIUM HYDROXIDE 847 
cis-STILBENE cis-1,2-DIPHENYLETHENE 420 
trans-STILBENE trans-1,2-DIPHENYLETHENE 421 
STYRENE STYRENE 384 
STYROL STYRENE 384 
STYROLENE STYRENE 384 
SUL FOLANE SUL FOLANE 862 
SULFUR DIOXIDE SULFUR DIOXIDE 7196 
SULFUR TRIOXIDE SULFUR TRIOXIDE 797 
SULFURIC ACID SULFURIC ACID B46 
SULFURIC ANHYDRIDE SULFUR TRIOXIDE 797 
SULFUROUS ACID ANHYDRIDE SULFUR DIOXIDE 796 
SULFUROUS ANHYDRIDE SULFUR DIOXIDE 796 


Sa eee eee a a AE re 
796 


SULFUROUS OXIDE 


SULFUR DIOXIDE 


SULPHURIC ACID SULFURIC ACID 846 
m- TERPHENYL 1,3-DIPHENYLBENZENE 425 
o- TERPHENYL 1,2-DIPHENYLSENZENE $26 
p-TERPHENYL 1,4-DIPHENYLBENZENE 426 
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100.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
TETRACHLOROCARBON CARBON TETRACHLORIDE 802 
TETRACHLOROME THANE CARBON TETRACHLORIDE 802 
n- TETRACOSANE n- TETRACOSANE 86 
fn- TETRADECANE n- TETRADECANE 76 
1-TETRADECENE 1-TETRADECENE 283 
hh TETRADECYLBENZENE n- TETRADECYLBENZENE 380 
n- TETRADECYLCYCLOHEXANE n- TETRADECYLCYCLOHEXANE 172 
n= TETRADECYLCYCLOPENTANE fh- TETRADECYLCYCLOPENTANE 139 
TETRAETHYLENE GLYCOL TETRAETHYLENE GLYCOL 852 
TETRAETHYLMETHANE 3,3-DIETHYLPENTANE 55 
TETRAFLUOROME THANE CARBON TETRAFLUORIDE 803 
TETRAHYDROFURAN TETRAHYDROFURAN 768 
1,2,3,4-TETRAHYDRONAPHTHALENE 1,2,3,4-TETRAHYDRONAPHTHALENE 446 
TETAHYDROTHI OPHENE TETRAHYDROTHIOPHENE 892 
TETRALIN 1,2,3,4-TETRAHYDRONAPHT HALENE 446 
1,2,3,4-TETRAMETHYL SENZENE 1,2,3,4-TETRAMETHYL BENZENE 368 
1,2,3,5-TETRAMETHYL BENZENE 1,2,3,5-TETRAMETHYL BENZENE 369 
1,2,4,5-TETRAMETHYL BENZENE 1,2,4,5-TETRAMETHYL BENZENE 370 
2,2,3,3° TETRAMETHYLBUTANE 2,2,3,3- TETRAMETRYLBUTANE 40 
TETRAMETHYLENE CYCLOBUTANE 98 
TETRAMETHYLENE OXIDE TETRAHYDROFURAN 768 
TETRAMETHYLENE SULFONE SUL FOLANE 862 
TETRAMETHYLENE SULPHIDE TETRAHYDROTHIOPHENE 892 
2,2,3,3- TETRAMETHYLHEXANE 2,2,3,3-TETRAMETHYLHEXANE 70 
2,2,5,5-TETRAMETHYLHEXANE 2,2,5,5-TETRAMETHYLHEXANE 71 
TETRAME THYLMETHANE NEOPENTANE 8 
2,2,3,37 TETRAMETHYLPENTANE 2,2,3,3- TETRAMETHYLPENTANE 58 
2,2,3,4-TETRAMETHYLPENTANE 2,2,3,4-TETRAMETHYLPENTANE 59 
2,2,4,4-TETRAMETHYLPENTANE 2,2,4,4* TETRAMETHYLPENTANE 60 
2,3,3,4-TETRAMETHYLPENTANE 2,3,3,4-TETRAMETHYLPENTANE 61 
2-THIABUTANE 2-THIABUTANE 832 
THIACYCLOPENTAD I ENE THIOPHENE 891 
THIACYCLOPENTANE TETRAHYDROTHIOPHEKE 892 
TRIACYCLOPENTANE DIOXIDE SUL FOLANE 862 
2-THIAHEPTANE 2-THIAHEPTANE 842 
2-THIAHEXANE 2-THIAHEXANE B39 
3-THIAHEXANE 3-THIAHEXANE 840 
3-THEAPENTANE 3-THIAPENTANE 838 
THIAPHENE THIOPHENE 891 
2-THIAPROPANE DIMETHYL ‘SULFIDE 829 

Se a ee 
THILANE TETRAHYDROTHI OPHENE 892 
THIOETHANOL ETHYL MERCAPTAN 830 
THIOETHYL ALCOHOL ETHYL MERCAPTAN 830 
THIOFURAN THIOPHENE 891 
THIGLAN TETRAHYDROTHIOPHENE 892 
THIOLANE TETRAHYDROTHI OPHENE 892 
THIOLE THIOPHENE , 891 
THIOMETHYL ALCOHOL METHYL MERCAPTAN 827 
THIOPHANE TETRAHYDROTHI OPHENE 892 
THIOPHENE THIOPHENE 891 
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10.1 

COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 

TOLUENE TOLUENE 336 

TOLUENE HEXAHYDRIDE METHYLCYCLOHEXANE 147 

Nn-TRIACONTANE N- TRIACONTANE 92 

TRIATOMIC OXYGEN OZONE 795 

1,1, 1-TRICHLOROE THANE 1,1, 1-TRICHLOROETHANE 812 

1,1,2-TRICHLOROE THANE 1,1, 2-TRICHLOROETHANE 813 

TRI CHLOROFLUOROMETHANE TRICHLOROFLUOROME THANE 801 

TRICHLOROFORK CHLOROFORM 806 

TRI CHLOROMETHANE CHLOROFORM 806 

f- TRI COSANE Nn- TRICOSANE 85 

TRIDANE n-TRIDECYLBENZENE 379 

f- TRIDECANE Nn- TRIDECANE te) 

{-TRIDECENE 1-TRIDECENE 282 

n- TRIDECYLBENZENE nh- TRIDECYLBENZENE 379 

n- TRIDECYLCYCLOHEXANE n- TRIDECYLCYCLOHEXANE 171 


ETE 


n-TRIDECYLCYCLOPENTANE n- TRIDECYLCYCLOPENTANE 138 
TRIETHANOLAMINE TRIETHANOLAMINE 857 
TRIFLUORCCHLOROMETHANE CHLOROTR I FLUOROME THANE 1% 

1,1, 1-TRIFLUOROE THANE 1,1, 1-TRIFLUOROE THANE 814 
TRI FLUOROME THANE TRI FLUOROMETHANE - 807 
——— 
TRIFLUOROMETHYL CHLORIDE CRLOROTRI FLUOROMETHANE 799 
TRI CHYDROXYETHYL )AMINE TRIETHANOLAMINE 887 
sym- TRIMETHYLBENZENE 1,3,5-TRIMETHYLBENZENE 348 
1,2,3-TRIMETHYLBENZENE 1,2,3-TRIMETHYLBENZENE 346 
1,2,4-TRIMETHYLBENZENE 1,2,4-TRIMETHYLBENZENE 347 
a 
1,3,5-TRIMETHYLBENZENE 1,3,5-TRIMETHYLBENZENE 348 
2,2,3-TRIMETHYLBUTANE 2,2,3~>TRIMETHYLBUTANE 22 
2,3,3-TRIMETHYL ~ 1-BUTENE 2,3,3° TRIMETHYL- 1-BUTENE 256 
TRIMETHYLCARBINOL tert-BUTANOL 716 
1,1,2-TRIMETHYLCYCLOPENTANE 1,1,2-TRIMETHYLCYCLOPENTANE 116 
—— 
1,1,3-TRIMETHYLCYCLOPENTANE 1,1,3-TRIMETHYLCYCLOPENTANE Vi7 
1,c-2,c- *3- * TRIMETHYLCYCLOPENTANE 1,¢-2,c-3-TRIMETHYLCYCLOPENTANE 118 
1,¢-2,¢-4-TRIMETHYLCYCLOPENTANE 1,¢-2,¢-4-TRIMETHYLCYCLOPENTANE 121 
1,¢-2,t-3-TRIMETHYLCYCLOPENTANE 1,¢-2,t-3-TRIMETHYLCYCLOPENTANE 119 
1,¢-2,t-4-TRIMETHYLCYCLOPENTANE 1,¢-2,t-4- TRIMETHYLCYCLOPENTANE 122 
1,t-2,¢-3-TRIMETHYLCYCLOPENTANE 1,t-2,c-3-TRIMETHYLCYCLOPENTANE 120 
1,t-2,¢-4-TRIMETHYLCYCLOPENTANE 1,t-2,c-4-TRIMETHYLCYCLOPENTANE 123 
TRIMETHYLENE CYCLOPROPANE 93 
3,3,4-TRIMETHYLHEPTANE 3,3,4-TRIMETHYLHEPTANE 68 
3,3,5-TRIMETHYLHEPTANE 3,3,5-TRIMETHYLHEPTANE & 
a 
2,2,3-TRIMETHYLHEXANE 2,2,3-TRIMETHYLHEXANE 48 
2,2,4-TRIMETHYLHEXANE 2,2,4-TRIMETHYLHEXANE 49 
2,2,5-TRIMETHYLHEXANE 2,2,9-TRIMETHYLHEXANE 50 
2,3,3-TRIMETHYLHEXANE 2,3,5-TRIMETHYLHEXANE 31 
2,3,5-TRIMETHYLHEXANE 2,3,5-TRIMETHYLHEXANE 52 
ni ee 
2,4,4-TRIMETHYLHEXANE 2,4,4-TRIMETHYL HEXANE 53 
3,3,4-TRIMETHYLHEXANE 3,3,4-TRIMETHYLHEXANE 54 
TRIMETHYLMETHANOL tert-BUTANOL 716 
2,2,3-TRIMETHYLPENTANE 2,2,3-TRIMETHYLPENTANE 36 
2,2,4-TRIMETHYLPENTANE 2,2,4>TRIMETHYLPENTANE 37 
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100.1 


COMPOUND TABLE ENTRY NAME TABLE SEQUENCE NUMBER 
2,3,3-TRIMETHYLPENTANE 2,3,3-TRIMETHYLPENTANE 38 
2,3,4-TRIMETHYLPENTANE 2,3,4-TRIMETHYLPENTANE 39 
2,3,3-TRIMETHYL -1-PENTENE 2,3,3-TRIMETHYL- 1-PENTENE 275 
2,4,4-TRIMETHYL- 1-PENTENE 2,4,4-TRIMETHYL-1-PENTENE 276 
2,4,4-TRIMETHYL -2-PENTENE 2,4,4-TRIMETHYL -2-PENTENE 277 

TRIPHENYLENE TRIPHENYLENE 479 

TRIPTANE 2,2, 35-TRIMETHYLBUTANE 22 

n-UNDECANE n-UNDECANE 73 
1-UNDECENE 1-UNDECENE 280 
N-UNDECYLBENZENE n-UNDECYLBENZENE 377 
n- UNDECYLCYCLOHEXANE n-UNDECYLCYCLOHEXANE 169 
n- UNDECYLCYCLPENTANE n-UNDECYLCYCLOPENTANE 136 

UREA UREA 743 

VALERIC ACID W-PENTANOIC ACID 705 

VINEGAR ACID ACETIC ACID 701 

VINYL ACETATE VINYL ACETATE 757 

VINYLACETYLENE VINYLACETYLENE 326 

VINYL BENZENE STYRENE 384 

VINYL CHLORIDE VINYL CHLORIDE 811 

VINYL ETHYLENE 1,3-BUTADIENE 292 

I 

WATER WATER 845 

XENON XENON 798 

1,2-XYLENE O-XYLENE 338 
1,3-XYLENE m- XYLENE 339 
1,4-XYLENE p- XYLENE 340 

SS es 
m- XYLENE m- XYLENE 339 
O-XYLENE o-XYLENE 338 
P- XYLENE p- XYLENE 340 
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TABLE 1C1.1 


PARAFFINS: PRIMARY PROPERTIES 


Paraffins, C1 to C3 


1 METRANE 

2 ETHANE 

3 PROPANE 
Paraffins, C4H10 

4 BUTANE 

S ISOBUTANE 
Paraffins, CSHI2 

6 mPENTANE 

7 YISOPENTANE 

& WEOPENTANE 
Paraffins, C6H14 


9 m-HEXANE 


10 
11 
12 


2—METHYLPENTANE 
3—HETHYLPENTANE 
2, 2-DIMETHYLBUTANE 


13 2,3-D1IMETHYLBUTANE 


Paraffins, C7H16 


Pr-HEPTANE 
2—-METHYLHEXANE 
S-METHYLHEXANE 
3-ETHYLPENTANE 
2,2-DIMETHYLPENTANE 
2,3-DIMETHYLPENTANE 
2,4-OIMETHYLPERTANE 

3, 3-DIMETHYLPENTANE 
2,2,3-TRIMETHYLBUTANE 


M-OCTANE 
2-METHY LHEPTANE 
3-METHYLHEPTANE 
4—-METHYLHEPTANE 
3-ETHYLHEXANE 

2, 2-DIMETHYLHEXANE 
2,3-DIMETHYLHEXANE 
2, 4-DIMETHYLHEXANE 
2, 5-DIMETHYLHEXANE 
3, 3-DIMETHYLHEXANE 


Note: Footnote codes follow Table 1C4.12. 
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100.20 
100.20 
100.20 
100.20 
100.20 
100.20 
100.20 
100.20 
106.20 


Boiling 
Point at 
1 atm 
deg F 


Freezing 
Point in Temp- Pressure | Volume 
sir at erature psia cu ft 


1 atm deg F per lb 


438.75 


264.48 
~261.22 
145.97 


436.57 
453.11 
446.87 


—198.33 453.54 


-70.19 
164.18 
1&.99 
-185.71 


—186.12 


RESEREEE 


Pats 


~132.07 
—194.98 


to 
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Compress—|Factor 


0.2560 
0.2610 
0.2520 
0.2590 
0.2530 
0.2650 
0.2630 
0.2630 
0.2620 
0.2510 


1997 


2000 


0.7161 
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.53 
91 
91 
42 


1.31755 


1.354672 
1.35088 
1.33900 


1.37226 
1.36873 
1.37386 
1.36595 
1.37281 


YB 


@ 
na 


EGR 


2 


1.39505 
1.39257 
1.39610 
1.39553 
1.39919 
1.39104 
1.39880 
1.39291 
1.39004 
1.39782 


g22k8 


“=a 
an 


¢ o 
2REBSE 


Vu GT An ato ut 
see 


gee 


TABLE 1C1.1 (Continued) 


Vapor 
Pressure 
at 100 F 


psia 


6.7671 
6.1037 
9.8490 
7.4158 


0.5373 
0.7664 
0.7302 
0.7641 
0.7457 
1.2201 
0.8610 
1.0969 
1.0974 
71,0306 


Heat Capacit 


Y¥ 


at 60 F ard Constant! of the Liquid 


Pressure 
Btu/lb deg F 


Ideal Gas} Liquid at] at 100 F 
1 atm 


0.3829 
0.3797 
0.3747 
0.3776 
0.3711 


0.3816 
0.3785 
0.3758 
0.3830 
0.3819 
0.3679 
0.3914 
0.3797 
0.3743 
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0.5712 
0.5669 


0.5427 
0.5378 
0.5553 


0.5350 
0.5266 
0.5188 
0.5136 
0.5140 


0.5269 
0.5218 
0.5146 
90.5142 
0.5167 
0.5098 
0.5238 
0.5013 
0.4901 


0.52466 
0.5173 
0.5136 
0.5157 
0.5158 
0.5139 
0.5055 
0.5179 
0.5113 
0.5052 


0.4152 
0.3862 
0.3924 
0.4712 
0.4841 


0.5740 
0.5183 
0.4416 
0.5625 
0.6994 


0.6364 
0.5908 
0.5757 
0.5416 
0.5335 
0.6152 
0.5830 
0.7057 
0.5827 
0.5856 


centistokes 


101.1 


Kinematic Viscosity| Heat of Wet Heat 


Vapor iz- 

ation at 

Normal 

Boiling 

Point Btu/tb 
Btu/tb 


218.98 
209.86 
182.76 


0.1686 165.72 
0.1873 157.89 


0.3997 
0.3635 
0.3524 
0.3326 
0.3265 
0.3616 
0.3659 
0.4141 
0.3703 
0.3649 


136.60 
131.95 
133.14 
133.04 
125.55 
130.82 
127.17 
127.59 
124.33 
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TABLE 1C1.1 (Continued) 


Critical Constants 


Boiling Freezing 

Point at | Point in Texp- Pressure | Volume Compress— 
1 atn air at erature psia cu ft ibility 
deg F 1 etm deg F per lb Factor 


deg F 


Paraffins, C8H18 


3, 4-DIMETHYLHEXANE 390.16 0.0654 
34 2-METHYL-3—ETHYLPENTANE 391.61 0.0621 
35 3-METHYL-3-ETHYLPENTANE 407.56 0.0638 
36 2,2,3-TRIMETHYLPENTANE 395.96 0.0611 
37) 2,2,4—TRIMETHYLPENTANE 372.466 0.0656 
38 2,3,3-TRIMETHYLPENTANE 409.01 0.0638 
39 2,3, 4—TRIMETHYLPENTANE 395.96 0.0646 

2,2,3,3-TETRAMETHYLBUTANE 416.27 P | 0.0646 P 


Paraffins, C9H20 


41° m-NONANE 128.26 -0679 P 0.2520 
42. 2-METHYLOCTANE 128.26 -112.67 0676 P 0.2540 
43 3-METHYLOCTANE 128.26 -161.68 0661 P 0.2520 
44 &-METHYLOCTANE 128.26 -171.76 -0653 P 0.2500 
45 3-ETHYLHEPTANE 128.26 -174.82 0659 P 0.2570 
46 2,2—DIMETHYLHEPTANE 128.26 -171.40 0648 P 0.2540 
47) 2, 6-DIMETHYLHEPTANE 128.26 —153.22 0649 P 0.2480 


48 2,2,3-TRIMETHYLHEXANE 128.26 eos 0.2610 
49 2,2,4-TRIMETHYLHEXANE 128.26 —-184.00 0.2620 
2,2, 5-TRIMETHYL HEXANE 128.26 ~158.37 0.2560 
2,3,3-TRIMETHYLHEXANE 128.26 -178.22 0.2620 
2,3,5—TRIMETHYLHEXANE 128.26 -198.22 0.2560 
2,4,4-TRIMETHYLHEXANE 128.26 -172.07 0.2600 
3,3, 4-TRIMETHYLHEXANE 128.26 ~150.12 0.2640 
3, 3-DIETHYLPENTANE 128.26 —27.45 P 0.2490 
2, 2-DIMETHYL~3—ETHYLPENTANE 128.26 —147.05 0.2680 
2, 4-DIMETHYL—3—ETHYLPENTANE 128.26 —188.25 0.2640 
2,2,3,3-TETRAMETHYLPENTANE 128.26 14.20 0.2570 
2,2,3,4-TETRAMETHYLPENTANE 128.26 -185..96 0.2550 
2,2,4,4-TETRAMETHYLPENTANE 128.26 ~87.16 0.2500 
2,3,3,4-TETRAMETHYLPENTANE 128.26 -151.82 0.2650 


m-DECANE 
63 2-METHYLNONANE 

64 3-METHYLNOWANE 

65 4-METHYLNONANE 

66 S-METHYLNONANE 

501 2,2-DINETHYLOCTANE 

67 2,7-DIMETHYLOCTANE 

68 3,3,4—-TRIMETHYLHEPTANE 
69 3,3,5-TRIMETHYLHEPTANE 
70 2,2,3,3-TETRAMETHYLHEXANE 


C10H22 
C10K22 
C10H22 
Ci0H22 
C10H22 
C10H22 
c10K22 
C10H22 
Ci0H22 
C10K22 


142.29 
142.29 
142.29 
142.29 
142.29 
142.29 
142.29 
142.28 
142.28 
142.28 


0.2470 
0.2440 
0.2470 
0.2480 
0.2480 
0.2480 
0.2440 
0.2590 
0.2580 
0.2670 


Note: Footnote codes follow Table 1C4.12. 
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Paraffins, C8K18 


Paraffins, 


0.7220 
0.7176 
0.7247 
0.7243 
0.7303 
0.7146 
0.7137 
0.7336 
0.7197 
0.7119 
0.7419 
0.7261 
0.7281 
0.7498 
0.7575 
0.7390 
0.7423 
0.7607 
0.7430 
0.7236 
0.7588 


1997 


1.40180 
4.40167 
1.40549 
1.40066 
1.38898 
1.40522 
1.40198 
1.46950 


1.60311 
1.40080 
1.40400 
1.40390 
1.40700 
1.39930 
1.39830 
1.40820 
1.40100 
1.39728 
1.41190 
1.40370 
1.40515 
1.41540 
1.41837 
1.40104 
1.41146 
1.42140 
1.41246 
1.40459 
1.42003 


1.40967 
1.40750 
1.41030 
1.40950 
1.41000 
1.40600 
1.40620 
1.42130 
1.41470 
1.42600 


TABLE 1C1.1 (Continued) 


0.4294 
0.3845 
0.3613 
0.4754 
0.7293 


Heat Capacity 


Pressure 


Btu/lb deg F 


Liquid at 
1 ate 


0.3797 
0.3774 
0.3748 
0.3760 
0.3817 
0.3794 
0.3750 


0.3701 


eee 


0.3799 


0.3861 
0.3648 
0.3719 
0.3784 
0.3703 
0.3846 
0.3902 


0.3793 
0.3769 
0.3745 
0.3758 
0.3748 
0.3786 
0.3749 
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0.4912 
0.5090 
0.4732 
0.4813 
0.4954 
0.4731 
0.4858 
0.4902 


101.1 


Kinematic Viscosity| Heat of Net Heat 
at 60 F and Constant| of the Liquid 


centistokes 


0.8119 
0.8429 


0.3639 
0.3221 
0.3768 
0.3983 
0Q.3738 
0.3623 
0.4053 


0.4694 
0.4329 
0.3818 
0.3817 
0.3779 
0.4716 
0.4716 


0.2795 
0.4121 
0.3066 
0.4535 
0.4518 
0.3601 
0.4131 
0.3579 
0.4139 


0.5537 
0.5401 
0.5158 
0.4946 
0.5036 
0.5337 
0.4922 


eae 
eee 


Vaporiz- | of Com- 
ation st | bustion 
Normal of Liquid 
Boiling at 77 F 
Point Btu/tb 
Btu/lb 


SSSSISKALHS 
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101.1 


TABLE 1C1.1 (Continued) 


Constants 
Boiling Freezing 
Point at | Point in Volume Compress— 
1 atm air at cu ft ibility 
deg F 1 atm per tb Factor 


Paraffins, C1i0K22 


71) 2,2,5,5-TETRAMETHYLHEXAWE 
72 2,4—DIMETHYL—3—I SOPROPYL— 
PENTANE 


Paraffins, C11 to C30 


0.2420 
0.2380 
0.2320 
0.2260 
0.2240 
0.2200 
0.2190 
0.2170 
0.2150 
0.2130 
0.2110 
0.2090 
0.2080 
8.2070 
0.2050 
0.2030 
0.2030 
0.2000 
0.2000 
0.2000 


73 fe UNDECANE C11H24 

74 ~~ -DODECANE C12H26 

75 m-TRIDECANE C13H28 

76 m-TETRADECANE C14H30 
N-PENTADECANE C1ISH32 
n-HEXADECANE C16H34 
M-HEPTADECANE C17H36 
MmOCTADECANE C18H38 
Pe-NONADECANE C19H40 
n-E ICOSANE C20H42 
M-HENE I COSANE C21N44 
m-DOCOSANE C2246 
MTRICOSANE C23H48 
M—-TETRACOSANE C24450 
T-PENTACOSANE Cc25u52 1001.93 
1-HEXACOSANE C26H54 1014.53 
M-HEPTACOSANE C27H56 1027.13 
M-OCTACOSANE C2858 1037.93 
M-NONACOSANE C29H60 1048.73 
thTRIACONTANE C30H62 1059.53 


BEERS 


BEERS 


ooo 
’ Py 


E 


EEE 


Py 
B ; 
VUVVVVVVV VP VV VU vuov 


VVVVVVVVVVYY 
VvvvvyvVvVVVV Vt 


ry 


Note: Footnote codes follow Table 1C4.12. 
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Paraffins, C1O0H22 


1.40316 
1.42268 


Paraffins, C11 to 


1997 


1.41507 
1.41507 
1.42346 
1.42685 
1.42979 
1.43250 
1.43480 
1.43690 
1.43880 
1.44050 
1.44200 
1.44340 
1.44470 
1.44590 
1.44700 
1.44810 
1.44906 
1.44990 
1.45086 
1.45150 


AAADDRDA AAA ADA DDD 


TABLE 1C1.1 (Continued) 


0.3400 
0.1747 


0.0205 
0.0071 
0.0025 
0.0009 
0.0003 
0.0001 
<.0001 
<.0001 
<.0001 
<.0001 


Heat Capacity 


Pressure 
Btu/lb deg F 


Liquid at 
1 ate 


0.5219 
0.5210 
0.5227 
0.5217 
0.5229 
0.5258 
0.5247 
0.5223 
0.5167 
0.5051 
0.5166 
0.5167 
0.5166 
0.5164 
0.5160 
0.5156 
0.5150 
0.5144 
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vta4as 


q_ecece<ccc 


101.1 


Kinematic Viscosity] Heat of Wet Heat 
et 60 F and Constant| of the Liquid 


centistokes 


ME WON Po oe we 


0.6397 
0.7469 
0.B&24 
0.9885 
1.7328 
1.2859 
1.4413 
1.5815 
1.7960 
1.9889 
2.1703 
2.4099 
2.6044 
2.8982 
3.1566 
3.4612 
3.8167 
3.9400 
4.2260 
4.6401 


of Com- 
bus tion 
of Liquid 
at 77 F 
Btuw/lb 


21.26 P 


26.44 P 


<<c <ecece ca 
O2SSBIRGRASLS sarc aRa 
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Alkyleyelopropanes, C3 to C5 


CYCLOPROPANE 
METHYLCYCLOPROPANE 
ETHYLCYCLOPROPANE 
cis—1,2-DIMETHYLCYCLOPROPANE 
trans—1,2-D IME THYLCYCLOPROPANE 


Alkylcyclobutanes, C4 to Cé 


98 CYCLOBUTANE 
99 =METHYLCYCLOBUTANE 
100 ETHYLCYCLOBUTANE 


Alkyicyclopentanes, C5 to C7 


CYCLOPENTANE 
METHYLCYCLOPENTANE 
ETHYLCYCLOPENTANE 

1, 1-DIMETHYLCYCLOPENTANE 
cis—1,2-D1IMETHYLCYCLOPENTANE 
trans-1,2-DIMETHYLCYCLOPENTANE 
cis~1,3-DIMETHYLCYCLOPENTANE 
trans—1,3-DIMETHYLCYCLOPENTANE 


Alkyltcyclopentanes, C8H16 


109 m-PROPYLCYCLOPENTANE 

110 ISOPROPYLCYCLOPENTANE 

411. 1-METHYL—-1-ETHYLCYCLOPENTANE 

112 cis~1-METHYL-2-ETHYL- 
CYCLOPENTANE 

113 trans—1-METHYL-2-ETHYL- 
CYCLOPENTANE 

114 cis—1-METHYL—3-ETHYL— 
CYCLOPENTANE 

115 trens—1-METHYL-3-ETHYL— 
CYCLOPENTANE 
1,1,2-TRIMETHYLCYCLOPENTANE 
1,1,3-TRIMETHYLCYCLOPENTANE 
1,c-2,c-3-TRIMETHYL— 
CYCLOPENTANE 
1,c-2, t-3-TRIMETHYL— 
CYCLOPENTANE 
1, t-2,c—3-TRIMETKYL— 
CYCLOPENTANE 
1,c-2,c-4-TRIMETHTL= 
CYCLOPENTANE 


Note: Footnote codes follow Table 1C4.12. 
1-60 


* 


we oe Le Ae Sn ee oe 
DoOPGovdoawW 


SSI888FA 


112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
412.22 


112.22 


TABLE 1C1.2 
101.2 CYCLOPARAFFINS: PRIMARY PROPERTIES 


Boiling 
Point at 
1 atm 
deg F 


120.65 
161.26 
218.25 
190.13 
211.15 
197.37 
195.39 
197.11 
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Freezing 

Point in 

sir at seaure 
1 atm deg F 
deg F 


256.57 
674.87 
407.82 
410.92 


-131.21 P 


226.95 


—136.91 
224.36 P 
217.19 P 
93.62 P 
65.00 
~179.63 
~208.66 
~209.15 


-179.21 613.13 
—168.45 607.73 
226.84 587.93 
-158.71 605.43 
~158.67 587.26 
586.98 
586.98 
$67.37 
543.92 
592.00 
577.38 
558.57 


575.42 


P 
P 
ld 


P 
P 
P 
P 
P 
P 
P 


P 


Crit 


Pres: 
psia 


| eritieat constants | Constants 


sure ie 
cu ft 
per lb 


0.0589 
0.0607 
0.0612 
0.0587 
0.0604 
0.0587 
0.0587 
0.0587 


Information Handling Services, 


0.2730 
0.2730 
0.2690 
0.2730 
0.2710 
0.2700 
0.2710 
0.2700 


0.2610 
0.2590 
0.2670 
0.2628 
0.2673 
0.2674 
0.2674 
0.2725 
0.2789 
0.2661 
0.2699 
0.2749 


9.2704 


0.1269 
0.1570 
0.2170 
0.2410 


0.3266 
0.3030 
0.3298 
0.3278 
0.3293 
0.3280 
0.3291 
0.3326 
0.3318 
0.3307 
0.3325 
0.3315 


0.3281 


1997 


2000 
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0.6165 


0.689% 
0.6989 
0.6748 


1997 


6.512 
6.508 
6.547 
6.583 
6.448 
6.430 
6.430 
6.479 
6.276 
6.534 
6.461 
6.320 


6.470 


1.40363 
1.40700 
1.61730 
1.41091 
1.61963 
1.40941 
1.40633 
1.40813 


1.42389 
1.42350 
1.42476 
1.42695 
1.41950 
1.41700 
4.41700 
1.42051 
1.40870 
1.42380 
1.41940 
1.41140 


1.42000 


TABLE 1C1.2 (Continued) 


Vapor 
Pressure 
at 100 F 


psia 


0.4716 
0.5964 
0.7236 
0.5500 
0.7200 
0.71080 
0.7400 
0.9990 
1.3930 
0.6900 
0.8500 
1.1400 


0.8400 


0.2992 
0.3125 
0.3148 
0.3167 
0.3177 
0.3177 
0.3177 
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2000 


Heat Capacity 
at 60 F and Constant! of the Liquid 
Pressure 


Liquid at 


0.4227 
0.4404 
0.4433 
0.4493 
0.4502 
0.4453 
0.4529 
0.4481 


0.4613 
0.4370 
0.4354 


101.2 


Kinematic Viscosity| Heat of Net Heat 


Vaporiz- | of Com- 
ation at | bustion 
Norma ( of Liquid 
Boiling at 77 F 
Point Btu/tb 
Btu/(b 


1-61 
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2000 
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101.2 


Alkyl 
122 
123 


cyclopentanes, C&BH16 


1,¢-2, t-4—TRIMETHYL— 
CYCLOPENTANE 

1, 8-2, c~4—TRIMETHYL— 
CYCLOPENTANE 


Alkyleyclopentanes, COH18 


126 
125 
126 


127 
128 
129 


T-BUTYLCYCLOPENTANE 

TSOBUTYLCYCLOPENTANE 

1-METHYL—1—n-PROPYL— 
CYCLOPENTANE 

1, I-OTETHYLCYCLOPENTANE 

cis—1,2-DIETHYLCYCLOPENTANE 

1, 1-DIMETHYL-2-ETHYL-~ 
CYCLOPENTANE 


Alkyleyclopentanes, C10 to [25 


130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 


m-PENTYLCYCLOPENTANE 
M-HEXYLCYCLOPENTANE 
n-HEPTYLCYCLOPENTANE 
M-OCTYLCYCLOPENTANE 
m-NONYLCYCLOPENTANE 
m-DECYLCYCLOPENTANE 
M-UNDECYLCYCLOPENTANE 
t-DODECYLCYCLOPENTANE 
N-TRIDECYLCYCLOPENTANE 
FA-TETRADECYLCYCLOPENTANE 
m-PENTADECYLCYCLOPENTANE 
Mr-HEXADECYLCYCLOPENTANE 
n-HEPTADECYLCYCLOPENTANE 
m-OCTADECYLCYCLOPENTANE 
M-NONADECYLCYCLOPENTANE 
n-E 1 COSYLCYCLOPENTANE 


Alkyicyelohexanes, C6 and C7 


146 
147 


CYCLOHEXANE 
METHYLCYCLOHEXANE 


Alkylcyclohexanes, C8H16 


148 
149 
150 
151 


ETHYLCYCLOHEXANE 

1, 1-DIMETHYLCYCLOHEXANE 
Cis—1,2-DIMETHYLCYCLOHEXANE 
trans—1,2-D IME THYLCYCLOHEXANE 


C10H20 
C11Kk22 
Cl2H24 
C1326 
C14H28 
C15H30 
C16H32 
C17H34 
C18H36 
C19H38 
C20H40 
c21H42 
C22H44 
C23H46 
C24H48 
C2550 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C1.2 (Continued) 


126.24 
126.26 


126.26 
126.24 
126.24 


126.24 


| ___—sriticat constants Constants 


Boiling Freezing 

Point at | Point in Pressure | Volume 

1 atm air at sravure psie cu ft 

deg F 1 atm per lb 
deg F 


—162.35 P 
175.41 


699.17 
735.71 
769.01 
799.43 
827.15 
852.71 
876.29 
898.25 
918.44 
937.13 
954.59 
970.79 
1006.42 
1017.61 
1032.87 
1046.21 


VUVUGVVVVVV VV PV 
VVvVvVvVVVVVUVV VV 
VvuVGVVVVV VY VV VV 


536.77 
570.27 


269.23 —168.36 
247.19 —28.28 
265.62 57.98 
254.17 126.69 


Information Handling Services, 


0.2460 
0.2380 
0.2290 
0.2210 
0.2130 
0.2050 
0.1960 
0.1890 
0.1810 
0.1740 
0.1670 
0.1600 
0.2117 
0.2098 
0.2081 
0.2067 


ee 
Factor 


0.2350 


1997 


2000 
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Alkylcyclopentanes, C8H16 


Alkylcyclopentanes, C9H18 


Density| Index of 


lb/gal 


Alkylcyclopentanes, C10 


0.7954 
0.8006 
0.8051 
0.8088 
0.8121 
0.8149 
0.8175 
0.8197 
0.8217 
0.8235 
0.8252 
0.8267 
0.8280 
0.8293 
0.8303 
0.8315 


Alkyleyelohexanes, C6 and 


Alkyleyclohexanes, C8H16 


1997 


6.631 
6.675 
6.712 
6.743 
6.774 
6.79% 
6.816 
6.834 
6.851 
6.866 
6.880 
6.892 
6.903 
6.9146 
6.922 
6.932 


6.522 
6.460 


6.608 
6.548 
6.675 
6.505 


1.41612 
1.40812 


1.42930 
1.42730 


1.43500 
1.43630 
1.43300 


1.43000 


c25 


1.43360 
1.43700 
1.44000 
1.44250 
1.44460 
1.44659 
1.44820 
1.44970 
1.45100 
1.45220 
1.45330 
1.45430 
1.45520 
1.45600 
1.45680 
1.45750 


1.43073 
1.42662 
1.43358 
1.42470 


TABLE 1C1.2 (Continued) 


0.1567 


Heat Capacity 
at 60 F and Constant| of the Liquid 


Pressure 
Btu/lb deg F 


Ideal Gas| Liquid at) at 100 F 
1 atm 


0.3495 
0.3568 
0.3629 
0.34680 
6.3725 
0.3763 
0.3796 
0.3826 
0.3852 
0.3876 
0.3897 
0.3916 
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2000 


0.3962 
0.4058 
0.4150 
6.4239 
0.4326 
0.4410 
0.4493 
0.4574 
0.4654 
0.4732 


0.4413 
0.4356 
0.4382 
0.4358 


vvvvVYyPVVUUU 


centistokes 


0.9118 


1.1280 
1.4150 
1.7680 
2.1300 
2.5700 
3.0500 
3.6300 
4.2500 
4.9500 
5.7100 
6.5600 
7.4900 


0.6200 
0.7300 
0.8500 
0.9800 
1.1200 
1.2700 
1.4400 
1.6100 
1.7800 
1.9800 
2.41900 
2.4000 


101.2 


Kinematic Viscosity| Heat of Wet Heat 


Vaporiz- of Com- 
ation at bustion 
Normal of Liquid 
Boiling at 77 F 
Point Btu/tb 
Btu/tb 


22.18 P 
20.33 P 


cqceccvyevwvyv 
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2000 
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101.2 


Alkyleyclohexanes, C8H16 


152 
153 
154 
155 


cis—1,3-DIMETHYLCYCLOHEXANE 
trens-i ,3—D1IMETHYLCYCLOHEXANE 
cis—1,4-DI METHYL CYCLOHEXANE 
trans—1 ,4—-DIMETHYLCYCLOHEXANE 


AlkyLleyelohexanes, C9 and C10 


t-PROPYLCYCLOHEXANE 
ISOPROPYLCYCLOHEXANE 
N-BUTYL CYCLOHEXANE 
TSOBUTYLCYCLOHEXANE 
sec—BUTYLCYCLOHEXANE 
tert—BUTYLCYCLOHEXANE 
1-METHYL—4—I SOPROPYL— 
CYCLOHEXANE 


nm-PENTYLCYCLOHEXANE 
nm-HEXYLCYCLOHEXANE 
n-HEPTYLCYCLOHEXANE 
M-OCTYLCYCLOHEXANE 
M-NONYLCYCLOHEXANE 
rmDECYLCYCLOHEXANE 
M-UNDECYL CYCLOHEXANE 
tT-DODECYLCYCLOHEXANE 
M-TRIDECYLCYCLOHEXANE 
M-TETRADECYLCYCLOHEXANE 
M—-PENTADECYLCYCLOHEXANE 
f-HEXADECYLCYCLOHEXANE 
f-HEPTADECYLCYCLOHEXANE 
m-OCTADECYLCYCLOHEXANE 
Pr-NONADECYLCYCLOHEXANE 
h-E I COSYLCYCLOHEXANE 


CYCLOHEPTANE 
CYCLOOCTANE 
CYCLONONANE 
ETHYLCYCLOHEPTANE 
BICYCLOWEXYL 


COH18 
C9H18 
ctoH20 
c10H20 
C10H20 
C10H20 


C10k20 


cttke2 
ct2H24 
CI3SH26 
C14H28 
C1SH30 
C16H32 
C17H34 
CIBH3S6 
C19SH38 
C20H40 
C21H42 
C22H44 
C23R4L6 
C24nc8 
C2550 
C26u52 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C1.2 (Continued) 


Boiling Freezing 
Point at | Point in 
1 atm air at 
deg F 1 atm 
deg F 


—138 82 
~128.90 
~102.51 


140.27 42.09 
140.27 
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Teap~ 
erature 


deg F 


947.03 
964 49 
980.69 
995 .63 
1025.40 
1040.47 
1053.63 
1067.09 


VuVUVVV VV VV VP VV UO 


Pressure 


psia 


407.13 
413.36 
372.75 
573.77 
375.05 
382.92 


375.05 


Information Handling Services, 


VUVVTVVVUVV VV VU 


Volume 
cu ft 
per tb 


0.0616 
0.0616 
0.0618 
0.0618 
0.0618 
0.0619 


0.0586 
0.0565 
0.0581 
0.0586 
0.0576 


VuvVvVIVVVVV VV VU 


ibility 
Factor 


0.2320 
0.2240 
0.2160 
0.2080 
0.2010 
0.2270 
0.7860 
0.1780 
0.1710 
0.1640 
0.2140 
0.1510 
0.2104 
0.2087 
0.2072 
0.2058 


0.2740 
0.2590 
0.2700 
0.2570 
0.2530 


0.3530 


0.4498 
0.4931 
0.5280 
0.5793 
0.6205 
0.6627 
0.6988 
0.7402 
0.7749 
0.8115 
0.8506 
0.8897 
0.9168 
0.9510 
0.9887 
1.0217 


0.2430 
0.2904 
0.2680 
0.3520 
0.4276 


1997 


2000 


STD-API/PETRO TDB CHAPTER L-ENGL 1997 MM 0732250 OSbbESS TOT = 


101.2 


TABLE 1C1.2 (Continued) 


Heat Capacity Kinematic Viscosity| Heat of Net Heat 

at 60 F and Constant! of the Liquid Vaporiz- | of Com- 

Pressure ation at | bustion 

Btu/lb deg F centistokes Normal of Liquid 
Boiling at 77 F 
Point Btu/ lb 
Btu/tb 


1.42063 
1.42843 
1.42731 
1.41853 


0.7981 1.43478 
0.8064 ; 1.43861 
0.8033 1.43855 
0.8161 . eee 
0.8172 1.64450 
0.8167 1.44470 


0.8586 


0.8077 . 1.44160 0.0190 0.3726 0.7700 
0.8115 F i 1.44410 0.0062 0.3782 0.8900 
0.8148 - 1.44630 0.0020 0.3836 1.0300 
0.8177 1.44840 0.0006 0.3889 1.1700 


0.8202 
0.8223 
0.8244 
0.8261 
0.8277 
0.8291 
0.8303 
0.8316 
0.8327 
0.8337 
0.8346 
0.8355 


1.44990 0.0002 0.3942 1.3200 
1.45141 0.0001 0.4740 1.3916 
1.45270 <.0001 0.4049 1.6600 
1.45390 <,0001 0.4102 1.8300 
1.45500 <.0001 eee 2.0300 
1.45590 <.0001 re 2.2300 
1.45680 <.0001 were 2.4500 
1.45760 <.0001 Sate 2.6700 
1.45830 ase 
1.45900 wee 
1.45960 eas 
1.46020 aes 


. 


oe 
wi 


KRLLS LBB 


. 


‘ 


eoAdhal Sa 


eee eee 


AAAAHHAXAAAAKA OH 


VYBBVsyyyy 
RSRALULBSB 
<<<< << VVVUU 


g 


C7 to Ci2 


0.4308 | 1.4796 
0.6498 | 2.1251 
0.3603 a 
0.4212 | 2.9176 


1997 1-65 
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TABLE 1C1.2 (Continued) 


Critical Constants 


Boiling Freezing 


Point at | Point in Temp- Pressure | Volume 
1 ata air at erature psia cu ft 
deg F 1 atm deg F per (b 


deg F 


Decahydronaphthalenes, C10 to C12 


184 cis—DECAHYDRONAPHTHALENE 
185 trans—DECAHYDRONAPHTHALENE 
185 1-METHYL~—[cis—-DECAKYDRO- 


ci0Hn18 
CtOH18 


804.38 
777.02 


469.93 
430.77 P 


0.0556 
0.0556 


NAPHTHALENE} CiiH20 899.53 P | 388.28 P | 0.0568 P 
187 =1-METHYL-[trans—DECAHYDRO— 

NAPHTHALENE] C11H20 878.45 P | 388.28 P | 0.0568 P 
188  1-ETHYL-[¢is-—DECAHYORO— 

NAPHTHALENE} Ci2H22 853.03 P 353.82 P 0.0573 P 
189 1-ETHYL—{trans-DECANYDRO- 

WAPHTHALENE) Cl2H22 824.95 P | 353.82 P 0.0573 Pp 
190 9-ETHYL~I[cis—DECAHYDRO— 

NAPHTHALENE) Ci2H22 837.77 P | 353.82 P | 0.0573 P 
191 9-ETHYL-{trans—DECAHYDRO— 


NAPHTHALENE) ci2H22 817.27 P | 353.82 P | 0.0573 P 


Note: Footnote codes follow Table 104.12, 
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TABLE 1C1.2 (Continued) 


Heat Capacity Kinematic Viscosity; Heat of Wet Heat 
at 60 F and Constant} of the Liquid Vapor iz- 

Pressure ation at 

Btu/lb deg F centistokes Norma | 


Boiling 
Liquid at at 210 F | Point 
1 atm Btu/lb 


123.77 
118.70 


177.77 
176.57 
159.11 


158.07 
0.8900 159.89 


0.8648 156.99 
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TABLE 1C13 


MONOOLEFINS AND DIOLEFINS: PRIMARY PROPERTIES 


Monoolefins, C2 and C3 


192 ETHYLENE 
193 PROPYLENE 


Monociefins, C4H8S 


1-BUTENE 
cis—2~BUTENE 
trans—2-BUTENE 
ISOBUTENE 


Monooiefins, CSH10 


198 1—PENTENE 

199 cis—2—PENTENE 
trans—2-PENTENE 
2-METHYL-1-—BUTENE 

202 3—METHYL—1-SUTENE 

203 2-METHYL-—2-BUTENE 


Konoolefins, C6H12 


204 1-—HEXENE 

205 cis—2—-HEXENE 

206 = tranms—2-HEXENE 

207 cis—3—HEXENE 

208 trans—3—-HEXENE 

209 2-METHYL-—1—PENTENE 

210) 3—-METHYL—1—PENTENE 

211 4—METHYL-1-PENTENE 

212 2-METHYL—-2—PENTENE 

213 cis—3-METHYL—2—-PENTENE 
214 trans—3-METHYL-2-PENTENE 
215 cis—4-METHYL-2—PENTENE 
216 trans—4—-METHYL—2-PENTENE 
217) 2-ETHYL—1-BUTENE 

218 =2,3-DIMETHYL—-1—-BUTENE 
219 3,3-DIMETHYL—1-BUTENE 
220 = 2,3-DIMETHYL-2-BUTENE 


Monoolefins, C7H14 


221° 1-HEPTENE 

222 cis—2—-HEPTENE 
223 trans—2—HEPTENE 
224 «cis—3—-HEPTENE 
225 trans—3—-HEPTENE 


Note: Footnote codes follow Table 1C4.12. 
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Freezing 
Point in 


sir at 
1 atm 


deg F 


~219.57 
222.07 
—207 36 
216.08 
-172.16 
212.31 
243.31 
244.55 
211.14 
210.71 
217.20 
—210.73 
221.44 
204.77 
251.07 
175 .36 
—101.61 
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| _____eritieat constants Constants 


= 
erature psia 


0.2650 
0.2660 
0.2670 
0.2630 
0.2630 
0.2690 
0.2740 
0.2690 
0.2680 
0.2640 
0.2550 
0.2690 
0.2670 
0.2700 
0.2700 
0.2750 
0.2700 


VVUVUV UV UV VVU VV Ue 
VUVYVVV VV VV PUNTO 


411.91 P 
413.36 P 
411.91 P 
413.36 P 


Information Handling Services, 


0.0865 
0.1398 


0.1905 
0.2048 
0.2177 
0.1943 


1997 


2000 


G.6456 
0.6610 
0.6532 
0.6558 
0.6328 
0.6637 


1997 


Liquid {Refractive 
Density| Index of 


1.36000 
1.35206 
1.39260 


1.36835 
1.37980 
1.37610 
1.37460 
1.36110 
1.38420 


1.38502 
1.39473 
1.39073 
1.39189 
1.39137 
1.38912 
1.38133 
1.37974 
1.39739 
1.39876 
1.40166 
1.38498 
1.38583 
1.39380 
1.38729 
1.37313 
1.44235 


1.39713 
1.40620 
1.40200 
1.40330 
1.40170 


TABLE 1C13 (Continued) 


Vapor 
Pressure 
at 100 F 


psia 


45.9998 
49.9157 
63.8138 


19.1498 
15.1372 
15.4368 
18.3571 
26.3699 
14.3478 


0.3609 
0.3480 
0.3675 
0.3418 
0.3681 
0.3756 
0.3946 
0.3501 
0.3502 
0.3502 
0.3502 
0.3712 
0.3923 
0.3696 
0.3977 
0.3505 
0.3420 
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Heat Capacity 


0.5388 
0.5300 
0.5373 
0.5474 


0.5176 
0.5081 
0.5254 
0.5264 
0.5215 
0.5119 


0.5116 
0.4978 
0.5115 
0.4922 
0.5117 
0.5233 
0.5396 
0.4947 
0.4943 
0.4991 
0.5207 
0.5151 
0.5368 
0.5065 
0.5334 
0.5243 
0.4877 


0.5107 
0.4928 
0.5059 
0.4902 
0.5027 


centistokes 


Ideal Gas| Liquid at 
1 atm 


0.3415 
0.3626 
0.3673 
0.3662 
0.3682 
0.3639 
0.3564 
0.3585 
0.3465 
0.3426 
0.3404 
0.3556 
0.3556 
0.34468 
0.3473 
0.3620 
0.3319 


0.4317 
0.4457 
0.4495 
0.4484 
0.4518 


Kinematic Viscosity] Heat of 
at 60 F and Constant! of the Liquid 
Pressure 

Btu/lb deg F 


Vaporiz- 
ation at 
Normal 
Boiling 
Point 
Btu/slb 


155.46 
161.76 
161.01 
156.89 
148.45 
161.73 


138.03 
136.43 
138.91 
138.28 
137.87 


Information Handling Services, 


Wet Heat 
of Com- 
bustion 
of Liquid 
at 77 F 
Btu/lb 


101.3 
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1C1 


3 


Monoolefins, C7H14 


2~METHYL—1—HEXENE 
3-METHYL-—i—-HEXENE 
4-METHYL—1—HEXENE 
5-METHYL—1—HEXENE 
2-METHYL—2—KEXENE 
cis—3—METHRYL—2—-HEXENE 
trans—3—ME THYL-~2—-HEXENE 
CiS—4—-METHYL—2—-HEXENE 
trans—4—METHYL~2—HEXENE 
cis—5—-METHYL—2—HEXENE 
trans—S—METHYL—-2—-HEXENE 
cis—2—-METHYL—3—HEXENE 
trans—e-ME THYL—3—HEXENE 
cis—3—METHYL—3—HEXENE 
trans-—3—ME THYL—3—HEXENE 
2-ETHYL-1-PENTENE 
S-ETHYL-1—PENTENE 
3-ETHYL-2-PENTENE 
2,3-D1METHYL~1—PENTENE 
2,4-DIMETHYL—1—PENTENE 
3,3-DIMETHYL-1—PENTENE 
3, 4-DIMETHYL—1—PENTENE 
4,4-DIMETHYL~1—PENTENE 
2,3-DIMETHYL—2—-PENTENE 
2, 4-DIMETHYL—2—PENTENE 
cis—3 ,4-DIMETHYL—2—PENTENE 
trans-3 ,4-DIMETHYL—2-PENTENE 
cis—4,4-DIMETHYL—2—PENTENE 
trans—<4, 4—-DIMETHYL-2-PENTENE 
3-METHYL-2-ETHYL—1-—BUTENE 
2,3, 35~-TRIMETHYL—1—BUTENE 


Monoolefins, C8H16 


257 
258 
259 
260 
261 
262 
263 
264 


Note: Footnote codes follow Table 1C4,12. 
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1~OCTENE 
cis—2~OCTENE 
trans-2-OCTENE 
cis-3-OCTENE 
trans-3-OCTENE 
cis—4—OCTENE 
trens—4—OcTENE 
2-METHYL—1—HEPTENE 
3—-METHYL—1—HEPTENE 


TABLE 1C1.3 (Continued) 


112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 
112.22 


Boiling 
Point at 
1 atm 
deg F 
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Freezing 
Point in 
air at 
1 atm 
deg F 


~191.81 
-222.81 


157.27 P 
~197 46 
209.74 
-191.31 
209.83 
213.88 
-180.89 
—197.86 
~172.11 
~191.62 
211.83 
175.42 


—-165.73 


Critical Constants 


Pressure | Volume 
psia 


Temp- 
erature 
deg F 


VVVVTVVVVVVVUVUVU VV VU T VV VP 


vouvuVUU YU 


cu ft 
per lb 


REEREERERPR EERE 


WYVDODVOVODVDOWVDDOODODO 


VVVVVUGVVVITCVUVTVVVUVVUV EVV HV UV VU UU 


cERREEREEEEEEEE 


VvuVOVwT VU U 


Information Handling Services, 


0.2550 
0.2670 
0.2730 
0.2599 
0.2528 
0.2579 
0.2593 
0.2657 
0.2648 
0.2569 
0.2579 
0.259% 
0.2595 
0.2592 
0.2605 
9.2600 
0.2740 
0.2653 
0.2685 
0.2573 
0.2770 
0.27114 
0.2672 
0.2589 
0.2561 
0.2648 
0.2631 
0.2612 
0.2640 
0.2603 
0.2710 


0.3094 
0.3057 
0.3024 
0.3111 
0.3128 
0.3096 
0.3091 
0.3081 
0.3083 
0.3120 
0.3113 
0.3123 
0.3112 
0.3067 
0.3065 
0.3085 
0.3016 
0.3056 
0.2750 
0.2871 
0.2599 
0.2754 
0.2767 
0.2784 
0.2852 
0.2752 
0.2776 
0.2755 
0.2705 
0.2808 
0.2606 


1997 


2000 
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Monoolefins, C7H14 


0.7075 
0.6959 
0.7030 
0.6965 
0.7126 
0.7203 
0.7188 
0.7040 
0.7013 
0.7065 
0.6971 
0.6981 
0.6941 
0.7180 
0.7144 
0.7122 
0.6994 
0.7249 
0.7097 
0.6987 
0.7019 
0.7022 
0.6872 
0.7323 
0.6995 
0.7180 
0.7212 
0.7040 
0.6935 
0.7134 
0.7096 


1997 


1.40083 
1.39380 
1.39730 
1.39400 
1.40790 
1.41000 
1.40910 
1.39990 
1.39980 
1.40100 
1.39790 
1.39900 
1.39740 
1.40995 
1.40820 
1.40200 
1.39550 
1.41220 
1.40060 
1.39577 
1.39580 
1.39650 
1.38895 
1.41850 
1.40090 
1.40780 
1.41010 
1.39989 
1.39525 
1.40244 
1.40007 


BREE 


2 


BRRIRRRS ERR RIS SES RaRSCR 


SESE 
RON Ga 


oe 8 


5 

5 

5 

5 
5. 
6 

3 

5 

5 

5 

5 

5 

5 
5.9 
5.95 
5.938 
5.83 
6 

5 

5 

5 

5 

5 

6 

5 

5 

6 

5 

> 

5 
5. 


1.40620 
1.41250 
1.41070 
1.41110 
1.41020 
1.41240 
1.40936 
1.40940 
1.40400 


TABLE 1C1.3 (Continued) 


Vapor 
Pressure 
at 100 F 
psia 


4.4850 
1.8000 
2.8690 
2.3000 
2.2000 
3.3510 
3.7050 
2.6000 
3.6825 


Heat Capacity 
at 60 F and Constant} of the Liquid 


Pressure 


Btu/ib deg F 


0.3642 
0.3660 


0.3626 
0.3626 
0.3742 
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0.5058 
0.5016 


0.4998 
0.4530 
0.4991 
0.4782 


1€1.3 


Kinematic Viscosity| Heat of Wet Heat 


centistokes 


0.4512 


eee 
ese 
eae 
eee 
aoe 
wee 
eee 
woe 


0.4022 
0.4093 


see 
eae 
eee 
wee 


0.4203 


0.5657 
0.5746 
0.5570 
0.5558 
0.5606 
0.5558 
0.5612 
0.4775 


0.3590 
0.3492 
6.3502 
0.3488 
0.3517 
0.3489 
0.3528 
0.3076 


of Com- 
bustion 
of Liquid 
at 77 F 
Btu/lb 


init. 
vVuVVVVVVVV UV 


tie KK 
VVVVVVVUVUVUVUD 


20.24 P| 265 
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2000 
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101.3 


TABLE 1C1.3 (Continued) 


Critical Constants 
Boiling Freezing 


Point at | Point in Temp- Pressure | Volume Compress— 

1 ote air st erature psia cu ft ibility 

deg F 1 ate deg F per |b Factor 
deg F 


Monoolefins, CBH16 


: 


4—METHYL—1—HEPTENE wes 
trans—6—METHYL—2—HEP TENE eee 
trans—3—METHYL—3-HEPTENE wee 
2-ETHYL—1—HEXENE ees 
3~-ETHYL—1-HEXENE wee 
4-ETHYL—1—HEXENE eee 
2,3-DIMETHYL—1~HEXENE wes 
2,3-DIMETHYL—2—-HEXENE -175.18 
cis-2,2-DIMETHYL—3—HEXENE -215.23 
2,3,3-TRIMETHYL—1—PENTENE 92.20 
2,4, 4-TRIMETHYL—1—PENTENE —136.21 
2,4,4—-TRIMETHYL—2—PENTENE -159..36 


; 


& 
a 


HaARSSauNe ges 


RERERSERE 


3 


r 


RABY SERES 

VVVVVV VV VV HU 
STEEP EE DES 
vvuvVvVVVVV VV UU 
goooeoeoo00ono 
VvvuVVVVUTVTUeY 


8 


8 
a 


0.2690 
0.2530 
0.2460 
0.2410 
0.2380 
0.2360 
0.2330 
0.2300 
0.2290 
0.2260 
0.2230 
0.2210 


I-NONENE COH18 

1-DECENE c10HK20 
1-UNDECENE c11H22 
1-DODECENE c12H24 
1-TRIDECENE C13H26 
1—TETRADECENE C14K28 
1-PENTADECENE C15H30 
1-HEXADECENE CIGH32 
I-HEPTADECENE C17H34 
1-OCTADECENE CISH36 
1-NONADECENE CISH3S 
1-E I COSENE c20H40 


RERRERREGRE 


vw 
VvuuvuVV.VVUY 


ry 


ooococococe0o0nd 
. 


P 

Pp P 
Pp Pp 
P Pp 
P P 
Pp P 
P P 
P P 
P Pp 


Diolefins, C3 to C5 


290 PROPADIENE 
1, 2-BUTADIENE 
1, 3-BUTADIENE 
1,2—-PENTADIENE 
Cis—1,3-PENTADIENE 
trans—1,3—-PENTADIENE 
1,4—PENTADIENE 
2,3-PENTADIENE 
3-METHYL—1, 2-BUTADIENE 
2-METHYL—1, 3—-BUTAD IENE 


E 


vweuVVVUY v9 


0.2570 
0.2550 
0.2670 
0.2520 
0.2490 
0.2480 
0.2850 
0.2710 
0.2740 
0.2640 


FWOO OWN 


8 
Ou 


: : 
NANBRANSSE 


SESESREYYS 


Oiolefins, C& to C10 


300 2,3-DIMETHYL—1 ,3-BUTADIENE 0.2540 
301 1, 2-HEXADIENE Q.2534 | 0.2710 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C1.3 (Continued) 


Specific iqui i Vapor Heat Capacity Kinematic Viscosity] Heat of Wet Heat 
Gravity i Density| Index of Pressure | at 60 F amd Constant| of the Liquid Vaporiz- | of Com- 
60/60 iquid| at 100 F | Pressure ation at | bustion 
(b/gal psia Btu/ib deg F centistokes Normal of Liquid 
Boiling at 77 F 
Point Btu/ |b 
Btu/lb 


Wonoolefins, CBH16 


0.7209 1.40800 
0.7221 1.41000 
0.7329 1.41600 eee 
0.7315 1.41320 0.3691 
0.7197 1.40500 
0.7305 1.41000 sme 

0.7258 1.40890 0.3592 . 125.90 
0.7452 1.42440 wae 
0.7971 1.40740 ses 
0.7398 1.41510 F ae 
0.7193 1.40600 0.3753 . . 0.2545 118.71 
0.7260 1.41350 0.3736 0.2520 122.32 


vueuvueVvVVYTUU 


Monoolefins, C9 


1.41333 0.2200 
1.41913 0.0746 
1.42383 0.0245 
1.42782 0.0099 
1.63118 0.0031 
1.43412 0.0011 
1.43669 0.0004 
1.43907 0.0001 
1,44100 <.0001 
1.44280 <.0001 
1.44500 <.0001 
1.44590 <.0001 


3 


0.5037 0.4296 
0.5033 0.8848 0.5027 
0.5028 1.0852 0.5916 
0.5043 1.3359 0.6840 
0.5075 1.6132 0.7825 
0.5067 1.9353 0.9062 
0.5064 2.3160 1,0254 
0.5101 2.7463 1.9742 
0.5064 3.2237 1.3127 
0.3764 3.7553 1.4812 
0.4941 4.3732 1.6545 
0.4717 5.0633 1.8417 


PESSE 


. Py 


ig it bt 
$288 


geooo0ooco0oe0d0cnN 
' 


1.41690 0.4965 aes 
1.42050 0.3426 0.5410 0.2248 
1.42930 0.3404 0.5341 0.1271 
1.41773 0.3439 0.4931 
1.43291 0.3311 0.5047 
1.42669 0.3378 0.5142 
1.38542 0.3344 0.5066 
1.42509 0.3624 0.5270 
1.41692 0.3437 0.5263 
1.41852 0.3497 0.5227 


eee 


Diolefins, C& to C10 


0.7323 1.43620 ee 18777 
0.7198 1.42520 0.4396 P 18571 P; 20.00 P 
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302 1,5-HEXADIENE 

303 2, 3-KEXADIENE 
3-METHYL-1, 2~PENTADIENE 
2-METHYL-1, 5-HEXADI ENE 
2-METHYL-2, 4-HEXADIENE 
2,6-OCTADIENE 
2,6-DIMETHYL—1 , S~HEPTADIENE 
3, 7-DIMETHYL—1 , 6-OCTADIENE 


C6H10 
COMO 
Cén10 
C7H12 
c7H12 
CBH14 
COH16 


C10H18 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C1.3 (Continued) 


Boiling 
Point at 
1 atm 


deg F 
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Freezing 
Point in 
air at 
1 ata 


deg F 


g 


Pressure 
psia 


& 
w 
nN 


. 
ry 


BS 3R6 
S888888 


. 


VSuINns23 

vuvvuvuUusD 
a 

in we 

SYSadSkS 

vuuvvVvTDY 


y4 
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Volume 


RERRERRE 


eoosgo000 


Critical Constants 


1997 


2000 
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TABLE 1C1.3 (Continued) 


Liquid Refractive! Vapor Heat Capacity Kinematic Viscosity} Heat of Net Heat 
Density] Index of Pressure | at 60 F and Constant! of the Liquid i of Cam- 
at 60 Fl/the Liquid] at 100 F | Pressure i bustion 


psia Btu/lib deg F centistokes of Liquid 


ili at 77 F 
Iceal Gas} Liquid at i Btu/lb 
1 atm 


Ciolefins, C6 to C10 


p 
Pp 
P 
P 
P 
P 
P 
P 


VVVVIVUYV 


1997 1-75 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 1:4:3°3'25.33 


STD-API/PETRO TDB CHAPTER 1-ENGL 199? MM O?732°90 OSbbbbb O54 


101.4 


TABLE 1C1.4 
CYCLOOLEFINS AND ACETYLENES: PRIMARY PROPERTIES 


Critical Constants 
Boiling Freezing 
Point at | Point in 
1 atm air at 


deg F 
deg F 


Alkylcyclopentenes, CS to C8 


310 CYCLOPENTENE ~211.04 P 
311° 1-METHYL—CYCLOPENTENE —195 ..75 
312 1-ETHYLCYCLOPENTENE 181.12 
313 S-ETHYLCYCLOPENTENE cee 
314 1-1-PROPYLCYCLOPENTENE ose 


Alkylcyclohexenes, C6 to C8 
315 CYCLOHKEXENE -154.26 0.2720 


316 1-WETHYLCYCLOHEXENE ~184.72 0.2695 
317  -ETHYLCYCLOHEXENE -165.93 0.2627 


Cyclic Biolefins, C5 to C10 
318 CYCLOPENTADIENE 0.0545 P 
319 = DICYCLOPENTADIENE 0.0539 P 


Cyclic Unsaturates, C10H16 
320 alpha-PINENE 313.05 0.0534 
321. beta-PINENE 330.87 0.0581 P 0.3249 


Acetylenes, C2 to C4 


322 ACETYLENE -113.35 0.1873 
323 METHYLACETYLENE —152.86 0.2181 
~326 DIMETHYLACETYLENE —26.03 0.2385 
325 ETHYLACETYLENE 194.30 0.24669 
326 VINYLACETYLENE wae 0.1069 


Acetylenes, C5 to C10 


327 1-PENTYNE CSHE 
328 2—-PENTYNE CSH8 
329  3-METHYL-1~BUTYNE CSH& 
330 1-HEXYNE CéH10 
331 1-HEPTYNE c7H12 
332 1-OCTYNE CAH14 
333 1-NONYNE COHI6 
334 1-DECYNE C1OH18 


vuvuvroUY 
vuVvVVVU UO 
VVVUMUVVUD 


Note: Footnote codes follow Table 1C4.12. 
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0.8159 
0.8166 
0.8269 


0.6212 
0.6965 
0.6599 
0.6889 


1997 


TABLE 1C1.4 (Continued) 


Liquid (Refractive! Vapor 


Density] Index of 


1.41940 
1.43020 
1.43840 
1.42910 


1.46590 
1.47680 


1.38630 
1.38930 


1.41610 


1.38220 
1.40090 
1.36950 
1.39570 
1.40600 
1.41380 
4.41950 
1.42490 


Pressure 
at 60 Fithe Liquid! at 100 F 


psia 


3.0120 


13.0380 
0.1134 


0.1775 
0.1207 


119.3540 
21.4953 
41.5501 
45.0512 


Heat Capacity 


at 60 F and Constant! of the Liquid 
Pressure 
Btu/lb deg F 


Ideal Gas} Liquid at 
1 atm 


0.3960 
0.3543 
0.3381 
0.3503 
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0.4479 0.3485 
0.4275 P| 0.7950 
0.3796 1.4119 
0.3770 1.4508 


0.5620 
0.4905 
0.5623 
0.5441 
0.5000 
0.4938 


wee 


0.1913 


0.2360 


0.3407 
0.2093 
0.2926 P 
0.4171 
0.4313 
0.5063 


Kinematic Viscosity] Heat of 


Vapor iz- 
ation at 
Wormal 
Boiling 
Point 
Btu/lb 


165.78 
121.91 


Information Handling Services, 


101.4 


Net Heat 
of Com- 
bustion 
of Liquid 
at 77 F 
Btu/|b 


1-77 


2000 
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101.5 


Alkylbenzenes, C6 and C7 


335 
336 


BENZENE 
TOLUENE 


Alkylbenzenes, C&8H10 


337 
338 
339 
340 


ETHYLBENZENE 
O~XYLENE 
m-XYLENE 
P-XYLENE 


Alky(benzenes, C9H12 


341 
342 
343 
344 
345 
346 
347 
348 


n-PROPYLBENZENE 
ISOPROPYLSENZENE 
o-ETHYL TOLUENE 
m-ETHYLTOLUENE 

p-ETHYL TOLUENE 

1,2, 3-TRIMETHYLBENZENE 
1,2, 4—TRIMETHYLBENZENE 
1,3, 5-TRIMETHYLBENZENE 


Alkytbenzenes, C10H14 


349 
350 
351 
352 
353 


BUT YLBENZENE 
TSOBUTYLBENZENE 
sec—BUTYLBENZENE 
tert—BUTYLBENZENE 
1-METHYL~2~m-PROPYLBENZENE 
1-METHYL—3-—-PROPYL BENZENE 
1-METHYL—~<—n—PROPYLBENZENE 
O-~CYMENE 

f-CYMENE 

P-CYMENE 

O-DIETHYLBENZENE 

m-DIETHYL BENZENE 
p-OTETHYLBENZENE 
1,2-DIMETHYL—3—ETHYL BENZENE 
1,2-DIMETHYL—4—ETHYLBENZENE 
1,3-DIMETHYL—2-€ THYL BENZENE 
1, 3-OIMETHYL—4—ETHYL BENZENE 
1,3-D IMETHYL-S—ETHYLBENZENE 
1, 4—-DIMETHYL—2-€ THYLBENZENE 
3, 4—-TETRAMETHYLBENZENE 
3, 5-TETRAME THYLBENZENE 
4, S—TETRAMETHYLBENZENE 


1,2, 
1,2, 
1,2, 


C10H14 
C10H14 
C10H14 
C10H14 
C10H14 
CiOHT, 
C10H14 
C1OH14 
C1GH14 
C1OH14 
C10H14 
CIOH14 
C10H14 
C10H14 
CTOH14 
CIOH14 
C10H14 
C1OH14 
C10K14 
C10H14 
C1OH14 
CiOH14 


Note: Footnote codes follow Table 1C4.12. 
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120.19 
120.19 
120.19 
120.19 
120.19 
120.19 
120.19 
120.19 


TABLE 1C1.5 
BENZENE DERIVATIVES: PRIMARY PROPERTIES 


Boiling 
Point at 
1 atm 
deg F 
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Freezing 
Point in 
air at 
1 atm 
deg F 


—147.28 
-140.82 
—113.44 
-139.97 
80.18 
—13.65 
46.88 
48.51 


P 


P 


Temp— 
erature 
deg F 


719.33 
733.73 
787.73 
762.53 
755 .60 


VVV VV UU Y vv vuvUVVUHM 


Pressure | Volume 


psia 


0.0564 
0.0557 
0.0567 
0.0572 


0.0593 
0.0544 
0.0593 
0.0587 
0.0575 
0.0575 
9.0575 
0.0584 
0.0579 
0.0593 
0.0599 
0.0582 
0.0593 
0.0605 
0.0585 
0.0575 
0.0575 
0.0575 
0.0575 
0.0567 
0.0575 
0.0575 


VVVHTVVYVVY VU VvVUVUHM 


Information Handling Services, 


vuvuvvVD,T UU 


VuUVVvVVVVVV VU 


0.2610 
0.2560 
0.2650 
0.2660 
0.2570 
0.2490 
0.2480 
0.2600 
0.2600 
0.2560 
0.2600 
0.2550 
0.2550 
0.2580 
0.2540 
0.2610 
0.2510 
0.2430 
0.2520 
0.2560 
0.2540 
0.2520 


Acentric 
Factor 


0.3026 
0.3104 
0.3259 
0.3215 


0.4169 
0.4114 
0.46172 
0.4262 
0.4341 


1997 


2000 


STD-API/PETRO TDB CHAPTER 1-ENGL 1997 fi O?732290 OS&4Lb9 STS 


Alkyl benzenes, C6 and C7 


‘Liquid |Refractive 


Gravity! Density! Index of 


lb/gat 


Alkyl benzenes, C8H10 


Alkyibenzenes, C9H12 


Alkylbenzenes, C10H14 


0.8660 
0.8577 
0.8657 
0.8713 
0.8780 
0.8659 
0.8637 
0.8812 
0.8455 
0.8608 
0.8839 
0.8683 
0.8663 
0.8966 
0.8788 
0.8948 
0.8807 
0.8692 
0.8816 
0.9084 
0.8948 
0.8918 


1997 


31.90 
33.47 
31.96 
30.90 
29.65 
31.91 
32.33 
29.09 
32.00 
32.89 
28.59 
31.45 
31.83 
26.33 
29.52 
26.63 
29.16 
31.29 
29.01 
24.28 
26.64 
27.17 


7.220 
7.151 
7.217 
7.264 
7.320 
7.219 
7.201 
7.346 
7.216 
7.176 
7.369 
7.240 
7.223 
7.475 
7.327 
7.460 
7.343 
7.267 
7.350 
7.573 
7.460 
7.435 


1.49320 
1.50295 
1.49464 
1.49325 


1.48951 
1.48890 
4.50208 
1.49406 
1.49244 
1.51150 
1.50237 
1.49684 


1.48742 
1.48400 
1.468779 
1.49024 
1.49740 
1.49120 
1.48980 
1.49830 
1.49050 
1.48850 
1.50106 
1.49310 
1.69245 
1.50950 
1.50090 
1.50850 
1.50150 
1.49580 
1.50200 
1.51810 
1.51070 
1.50930 


TABLE 1C1.5 (Continued) 


Vaper 
Pressure 
at 100 F 


psia 


0.1448 
0.1875 
0.1088 
0.1249 
0.1257 
0.0713 
0.0916 
0.1127 


0.0472 
0.0833 
0.0748 
0.0933 
0.0469 
0.0507 
0.0488 
0.0648 
G.0739 
0.0654 
0.0469 
0.0530 
0.0470 
0.0287 
0.0344 
0.0338 
0.0392 
0.0464 
0.0416 
0.0161 
0.0232 


Heat Capacit 


Pressure 
Btu/ib deg F 


Ideal Gas; Liquid at/ at 100 F 
1 atm 


0.2765 
0.2891 
0.2736 
0.2727 


0.2995 
0.3106 
0.3047 
0.3051 


0.3048 
0.3019 
0.3009 
0.3169 
0.3066 
0.3055 
0.3168 


eee 


0.32466 
0.3126 
0.3172 
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0.4028 
0.4133 
0.4044 
0.4002 


0.4190 
0.4147 
0.4133 
0.3985 
0.4065 
0.4236 
0.4203 
0.4086 


0.4257 
0.4298 
0.4007 
0.4179 
0.3674 
0.3676 
0.3675 
0.4164 
0.4144 
0.4146 
0.4226 
0.46143 
0.4210 
0.4335 
0.3672 
0.3672 
0.3672 
0.3665 
0.3667 
0.4238 
0.4230 


1C1.5 


Kinematic Viscosity! Heat of Wet Heat 
at 60 F and Constant] of the Liquid 


centistokes 


0.5927 
0.5604 


0.6540 
0.74615 
0.5936 
0.6167 


0.7977 
0.7474 
0.8347 
0.7859 
0.6714 
0.8317 
0.8743 
0.7268 


0.9483 
0.9895 
0.9575 
0.9747 
0.9664 
0.9992 
0.9825 
0.9739 
0.8066 
0.7971 
1.0675 
0.9751 
0.9770 
1.0789 
1.0665 
1.0810 
0.9764 
1.0127 
1.0625 
1.3635 
1.1082 


0.4534 
0.4229 
0.4193 
0.4203 
0.4173 
0.3979 
0.4422 
0.3872 


0.5186 
0.5166 
0.4997 
0.5086 
0.4557 
0.5019 
0.5278 
0.5979 
0.5128 
0.4746 
0.5024 
0.5191 
0.5208 
0.4881 
0.5140 
0.4891 
0.6994 
0.4867 
0.5132 
0.5542 
0.4810 
0.4980 


Vaporiz- 

ation at 

Wormal 

Boiling 

Point Btu/ lb 
Btu/stb 


136.12 
132.99 
136.18 
135.69 
136.79 
142.53 
140.65 
138.90 


1-79 
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2000 


101.5 


Alkylbenzenes, C12H18 


541 
542 


1,3-D11SOPROPYL BENZENE 
1,4—D1 1SOPROPYLBENZENE 


Alkylbenzenes, Cli to C22 


n-PENTYLBENZENE 
n-HEXYLBENZENE 
n-HEPTYLBENZENE 
n-OCTYLBENZENE 
-NONYLBENZENE 
n-DECYLBENZENE 
fM-UNDECYLBENZENE 
n—-DODECYLBENZENE 
N-TRIDECYLBENZENE 
N-TETRADECYLBENZENE 
n-PENTADECYLBENZENE 
n-HEXADECYLBENZENE 


Cyclohexylbenzene, C12H16 


383 


CYCLOHEXYLBENZENE 


Alkenylbenzenes, C8 to £10 


384 


STYRENE 
cis—1-PROPENYL BENZENE 
trans—1-—PROPENYL BENZENE 
2@-PROPENYL BENZENE 
1-METHYL-2-ETHENYL BENZENE 
1-METHYL-3-ETHEWYL BENZENE 
1-METHYL—G-ETHENYL BENZENE 
1-METHYL—4—(trans— 
1—7-PROPENYL DBENZENE 
1—-ETHYL-—2-ETHENYL BENZENE 
1—ETHYL-—3-ETHENYL BENZENE 
T-ETHYL-4~ETHENYL BENZENE 
2-PHENYL—1-BUTENE 


BIPHENYL 

1-ME THY L—2-PHENYL BENZENE 

1—-ME THYL-3—-PHENYLBENZENE 

IME THYL—4-PHENYLBENZENE 

41-ETHYL—4—PHENYLBENZENE 

IME THYL~4 (4—METHYLPHENYL )— 
BENZENE 


Diphenylalkanes, C13 to C24 


402 


DIPHENYLME THANE 
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Ci2H18 
Ci2H18 


C11H16 
C12H18 
C13H20 
C14H22 
CIS5H24 
C16H26 
C17H28 
C18H30 
C19H32 
C20H34 
C21H36 
C22H38 


CI2H16 


C8HE 

COH10 
COHI0 
C9H10 
COHIO 
C9H10 
COHIO 


C10H12 
C10H12 
c10H12 
C10H12 
C10HI2 


C12H10 
C13H12 
CI3SH12 
ci3H12 
C14H14 


Ci4H14 


C13H12 


Note: Footnote codes follow Table 1C4.12. 


1-80 


TABLE 1C1.5 (Continued) 


104.125 
118.18 
118.18 
118.18 
118.18 
118.18 
148.18 


132.21 
132.21 
132.21 
132.21 
132.21 


Boiling 
Point at 
1 atm 
deg F 
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Freezing 
Point in 


air at 
1 atm 
deg F 


156.60 
32.00 
40.46 

118.40 

116.60 


249.80 


VUuVVVVV VV UUY 


| Griticat Constants | 


VUVVV VV VV VO 


0.0541 
0.0552 
0.0552 
0.0541 
0.0552 
0.0552 
0.0584 


vuvVO UY 


0.0560 
0.0560 
0.0560 
0.0560 
0.0550 


vuvUT 


Information Handling Services, 


Constants 


eee 
Lesage psia ibi 
deg F 


VUuVVVVV VP VY 


0.2530 
0.2430 
0.2380 
0.2340 
0.2320 
0.2300 
0.2280 
0.2220 
0.2200 
0.2170 
0.2160 
0.2130 


0.2560 
0.2450 
0.2650 
0.2670 
0.2580 
0.2450 
0.2620 


0.2378 
0.2554 
0.2435 
0.2423 
0.2470 


0.3654 
0.4060 
0.4610 
0.4610 
0.4910 


0.4830 


1997 


2000 


STD-API/PETRO TDB CHAPTER L-ENGL 1959? MM O732290 OSbbb71 15) 


0.8624 
0.8622 
0.8617 
0.8602 
0.8596 
0.8590 
0.8587 
0.8595 
0.8584 
0.8587 
0.8587 
0.8586 


1.48560 
1.48420 
1.48320 
1.48240 
1.48170 
1.48112 
1.48070 
1.48030 
1.48000 
1.47970 
1.47940 
1.47920 


Cyclohexylbenzene, C12H16 


Alkenylbenzenes, C8 to C10 


0.9097 
0.9138 
0.9129 
0.9138 
0.9165 
0.9164 
0.9264 


0.9104 
0.9103 
0.8990 
0.8969 
0.8954 


1.0324 
1.0159 
4.0185 
1.1009 
1.0377 


1.1220 


1.54395 
1.54020 
1.54780 
1.53580 
1.54130 
1.53850 
1.53950 


1.54100 
1.53560 
1.53250 
1.53480 
1.52620 


1.58728 
1.58900 
1.60160 


aan 


Diphenylalkanes, C13 to C24 


1997 


TABLE 1C1.5 (Continued) 


Vapor 


Pressure 
at 100 F 


psia 


0.0186 
0.0121 


0.0161 
0.0057 
0.0021 
0.0007 
0.0002 
0.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 


0.0027 


0.2470 
0.0684 
0.0605 
0.1105 
0.0802 
0.0809 
0.0787 


0.0305 


Heat Capacit 


Pressure 
Btu/lb deg F 


Liquid at 
1 atm 


0.3062 
0.3121 
0.3171 
0.3213 
0.3250 
0.3284 
0.3309 
0.3334 
0.3356 
0.3376 
0.3391 
0.3410 


0.2725 
0.2652 
0.2825 
0.2740 
0.2860 
0.2860 
0.2860 


0.2461 
0.2615 
0.2574 
0.2574 


0.2502 
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0.6143 
0.4199 


0.4289 
0.4336 
0.4277 
0.43114 
0.4395 
0.4418 
0.4580 
0.4505 
0.4571 
0.3725 
0.3706 
0.3683 


0.4113 
0.3801 
0.4010 
0.4013 
0.4055 
0.4069 
0.4041 


0.3667 
0.3673 
0.3672 
0.3671 
0.4055 


101.5 


Kinematic Viscosity| Heat of Net Heat 
at 60 F and Constant] of the Liquid 


centistokes 


1.1824 
1.6419 
1.7546 
2.0974 
2.5329 
3.0119 
3.5672 
4.1857 
4.9566 
5.7107 
6.5716 
7.4138 


0.8226 
0.4376 


Vapor iz- of Com- 
ation at | bustion 
Normal of Liquid 
Boiling at 77 F 
Point Btu/lb 
Btu/lb 


1-81 


Information Handling Services, 


2000 
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101.5 


Diphenylalkanes, C13 to C24 


403 
404 
405 
406 
407 
408 
409 
410 
611 
412 
613 
416 
415 
416 
417 
418 
419 


Diphe 


41, 1-DIPHENYLETHANE 

1, 2-DIPHENYLE THANE 

41, 1-DIPHENYLPROPARE 

4, 2-D IPHENY LPROPANE 

1, 1+DIPHENYLBUTANE 

1, 1-DIPHENYLPENTANE 

1, I-DIPHENYLHEXANE 

1, I-DIPHENYLHEPTANE 

41, DI PHENYLOCTANE 

1, 1-DIPHENYLNONANE 

1, 1-4DIPHENYLDECANE 

1, 1-DIPHENYLUNDECANE 
1, 1-DIPHENYLDOOECANE 
1, I-DIPHENYLTRIDECANE 
1, I-DIPHENYLTE TRADECANE 
1, 1-DIPHENYLPENTADE CANE 
4, TDIPHENYLHEXADECANE 


nylalkenes, C14H12 


420) cis—1,2-D]PHENYLETHENE 


421 


Pheny 


422 
423 


trans—1,2-DIPHENYLETHENE 


lalkynes, C8 and C14 


PHENYLACETYLENE 
DIPHENYLACETYLENE 


Diphenylbenzenes, C18H14 


426 
425 
426 


Note: 


1-82 
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1,2-DIPHENYLBENZENE 
1,3-DIPHENYLBENZENE 
1,4-DIPHENYLBENZENE 
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Formula 


C16HI4 
Ci4H14 
CISUI6 
CiSH16 
C16H18 
ci7H20 
C1BH22 
C19H24 
C20H26 
C21H28 
C22H30 
C23H32 
C24H34 
C25H36 
C26K38 
C27H40 
C28H42 


Ci4H12 
C14H12 


CiBHI4 
Ci8K14 
C1BHIL 


FABLE 101.5 (Continued) 


182.27 
182.27 
196.29 
196.29 
210.32 
224.35 
238.37 
252.40 
266 43 
280.45 
294 48 
308.50 
322.53 
336.56 
350.59 
364.62 
378.64 


Boiling 
Point at 
1 atm 
deg F 


Footnote codes follow Table 1C4.12. 


Freezing 
Point in 
air at 
1 atm 
deg F 


Critical Constants 


Temp- 
erature 
deg F 


935.33 
944.33 
934.07 
938.89 
9461.27 
955.85 
$70.25 
985.19 
998.33 
1010.03 
1019.93 
1031.55 
1039.37 
1048.73 
1056.29 
1064.39 
1070.51 


951.53 
1016.33 


710.33 
1037.93 


vVeIV VV VVU PUY 


vuVyvuUTD 


Pressure Volume 
psia eu ft 
per Lb 


0.0531 
0.0541 
0.0589 
0.0523 
0.0592 
0.0597 
0.0599 
0.0606 
0.0610 
0.0615 
0.0623 
0.0628 
0.0633 
0.0640 
0.0646 
0.0653 
0.0658 


vouvvuvTIVyPVHeY 


vuuvv 


6.0530 
0.0539 


Information Handling Services, 


VVVVVVVVVUY 


vuvVUY 


Acentric 


Compress—|Factor 


0.2510 
0.2520 
0.2680 
0.2384 
0.2640 
0.2610 
0.2570 
0.2540 
0.2510 
0.2690 
0.2500 
0.2480 
0.2470 
0.2470 
0.2670 
0.2470 
0.2490 


0.4566 
0.4885 
0.5360 
0.5360 
0.5740 
0.6240 
0.6730 
0.7286 
0.6950 
0.7580 
0.7210 
0.7600 
0.9330 
1.0032 
0.9210 
0.8530 


1997 


2000 


STD-API/PETRO TDB CHAPTER 1-ENGL 1997 mw 732290 OSbbb74 ray a 


1997 


Liquid |Refractive 


Density]! 


lb/gal 


C13 to C24 


CI4H12 


8.491 
8.491 


ndex of 


1.57020 
4.57040 
1.56200 
4.55620 
1.55460 
1.54890 
1.54280 
1.53810 
1.53360 
1.52990 
1.52660 
1.52380 
1.52130 
1.51900 
1.51820 
1.51510 
1.51400 


TABLE 1C1.5 (Continued) 


Vapor 
Pressure 
at 100 F 


psia 


Heat Capacity 


Pressure 
Btu/lb deg F 


101.5 


Kinematic Viscosity| Heat of Net Heat 
at 60 F and Constant) of the Liquid 


centistokes 


Vaporiz- of Com- 
ation at | bustion 
Normal of Liquid 


Boiling at 77 F 
Liquid at Point Btuslb 
1 atm Btu/lb 


0.2458 
0.2539 


0.2608 
0.2451 


0.2453 
0.2453 
0.2453 
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0.3729 
0.3769 
0.3769 
0.3776 
0.3773 
0.3766 
0.3755 
0.3741 
0.3724 
0.3707 
0.3565 
0.3643 
0.3625 
0.3607 
0.3592 


vvvVVVUVUD 


<< vc Vv 


1.1536 
Pa rar’ 


ae 
rae 
oe 
ee 


0.4614 
1.5823 


<q_cv<c Vv DvDVGIVVVVU DU 


17039 
16928 


122.89 P 


150.41 
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TABLE 1CL.6 
CONDENSED RING AROMATICS AND DERIVATIVES: PRIMARY PROPERTIES 


Critical Constants 
Freezing 


Point in Temp- Pressure | Volume 
sir at erature psia cu ft 
1 atm deg F per lb 


Alkyinaphthalenes, C10 to C20 


WAPHTHALENE C10H8 

1-METHYLNAPHTHALENE C11H10 

2-METHYLNAPHTHALENE C11H10 

1-ETHYLNAPHTHALENE ci2ni2 

2-ETHYLNAPHTHALENE ci2H12 

1,2-D IME THYLNAPHTHALENE ci2k12 

1,4—-D IME THYLNAPHTHALENE Cl2k12 

2,6-DIMETHYLNAPHTHALENE Ci2K12 

2, 7-OIMETHYLNAPHTHALENE ct2H12 

1-1-PROPYLNAPHTHALENE CI3SH14 

2—n-PROPYLNAPHTHALENE C13H14 

1—-n-BUTYLNAPHTHALENE CI4H16 

2-m-BUTYLNAPHTHALENE CI4H16 

1-17-PENTYLNAPHTHALENE C15H18 

1—n-HEXYLNAPHTHALENE C16H20 

2-7 HEXYLNAPHT HALENE C16H20 

1—n-HEPTYLNAPHTHALENE CI7H22 

1-7-OCTYLWNAPHTHALENE C18He6 1040.20 
1—7-NONY NAPHTHALENE C19H26 1068 .53 
2-1r-NONYLNAPHTHALENE C19H26 1070.68 
T=n-DECYLNAPHTHALENE C20K28 1086.53 


f 


SESSINAIARG 
VUVGVVVVVVVU VP YVV UU 


HUMES oe ee 
FPN OS 


wou 


ne 
Py 
VvVVVGVVTVVVVVVUV VV 


Tetrahydronaphthalenes, C10 to C20 


446 1,2,3,4—TETRAHYDRO 
NAPHTHALENE ciOn12 0.0534 0.2670 
447 1-METHYL-(1,2,3,4—-TETRA- 
HYDRONAPHTHALENE) CI1H14 0.0542 P 0.2531 
448 J-ETHYL-[1,2,3,4—-TETRA- 
HYDRONAPHTHALENE) C12H16 0.0550 P 0.2484 
449 2,2-DIMETHYL-[1,2,3,4—-TETRA- 
HYDRONAPHTHALENE) C12H16 0.0550 P 0.2532 
2,6-DIMETHYL-[1,2,3,4-TETRA- 
HYDRONAPHTHALENE) C12H16 0.0550 P 0.2461 
6, 7-DIMETHYL-[1,2,3,4—-TETRA-— 
HYORONAPHTHALENE) C12H16 0.0550 P 0.2452 
1-7-PROPYL-[1,2,3,4-TETRA— 
HYDRONAPHTHALENE} C3438 6.0556 P 0.2447 
6-1-PROPYL—-[1,2,3,4—-TETRA— 
HYDRONAPHTHALENE} CISHI8 0.0556 P 0.2389 
I-n-BUTYL-[7,2,3,4-TETRA— 
HYDRONAPHTHALENE) C14H20 eee 
6-r-BUTYL-(1,2,3,4-TETRA— 
HYDRONAPHTHALENE) C14H20 
Jmn-PENTYL—11,2,35,4~TETRA— 
HYDRONAPHTHALENE} C1522 


Note: Footnote codes follow Table 1C4.12. 
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1.0281 . 1.93200 
1.0242 1.61512 
1.0082 4.60190 
1.0115 1.60400 
0.9961 1.59770 
1.0219 1.614630 
1.0209 1.61140 


0.9943 1.59300 
0.9808 1.58500 
0.9805 1.57970 
0.9698 1.574670 
0.9705 -091 | 4.57040 
0.9544 : 1.56260 
0.9521 1.56010 
0.9537 : 1.55650 
0.9468 : 1.55060 
0.9408 : 1.54550 
0.9339 : 1.56420 
0.9354 1.54120 


Tetrahydronaphthalenes, C10 to C20 


0.9768 1.53919 
0.9623 1.53330 
0.9569 1.52980 
0.9404 1.51800 
0.9464 1.52400 
0.9584 1.53600 
0.9480 1.52550 
0.9401 1.52610 
0.9382 1.51980 
0.9334 1.52100 
0.9310 1.51580 


1997 


TABLE 1C1.6 (Continued) 


0.0034 
0.0038 
0.0014 
0.0017 


0.0008 
0.0002 
<.0001 


<,0001 


<.0001 


Heat Capacit 


at 60 F and Constant} of the Liquid 


Pressure 
Btu/lb deg F 


y 


101.6 


Kinematic Viscosity| Heat of Net Heat 


centistokes 


Ideal Gas} Liquid at| at 100 F 
1 atm 


0.2365 
0.2576 
0.2604 


0.2799 
0.3111 


0.3145 
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0.3703 
0.3714 
0.3716 
0.3709 
0.3708 


0.3731 
0.3731 
0.3839 
0.3740 
0.3741 
0.3737 
0.3736 
0.3725 
0.3715 
0.4110 
0.4162 
0.413% 


0.3852 
0.3702 
0.3727 
0.3735 
0.3728 
0.3718 
0.3766 
0.3760 


Vaporiz- | of Com- 
ation at | bustion 
Normal of Liquid 
Boiling at 77 F 
Point Btu/Lb 
Btu/tb 


144.52 
141.04 
140.04 
132.13 
134.61 


134.16 
134.34 
123.95 
122.63 
162.57 
114.50 
155.94 
151.27 
145.43 

98.63 


95.59 


vuuvuvVvVvVVVTU 
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TABLE 1C1.6 (Continued) 


Critical Constants 
Boiling Freezing 
Point at | Point in Teap- Pressure | Volume 
1 atm sir at erature psia cu ft 
deg F 1 atm deg F per tb 
deg F 


Tetrahydronaphthalenes, C10 to C20 


6-1-PENTYL~(1,2,3,4—-TETRA— 

HYDRONAPHTHALENE) C15H22 Poe oot 
1—-r-HEXYL—[1,2,3,4-TETRA— 

HYDRONAPHTHALENE] CiéH24 942.53 0.0571 
1—r-HEPTYL-[1,2,3, 4-TETRA— : 

HYDRONAPHTHALENE) CI7H26 964.40 0.0574 
i-n-OCTYL-[1,2,3,4-TETRA— 

HYDRONAPHTHALENE) C18H28 982.08 0.0577 
1~n-NONYL-[1,2,3,4—TETRA— 

HYDRONAPHTHALEWE} C19H30 1021.50 6.0580 
1on-DECYL-[1,2,3,4=TETRA— . 

HYDRONAPHTRALENE} C20H32 1014.58 0.0583 


Indenes, C9 to C10 


463 INDENE COHE 
464 1-METHYLINDENE C10H10 
465 2-METHYLINDENE C1OH10 


Dihydroindenes, C9 to C10 


466 2,3-DIRYDROINDENE COH10 0.0537 
467 1-WETHYL-2,3-DIHYDROINDENE c10H12 0.0543 
468 2-METHYL-2,3—DIHYDROINDENE C10Hi2 0.0543 
469 4-METHYL-2,3-DIHYDROINDENE C10H12 0.0543 
470 5-METHYL~2,3—D1HYDROINDENE C10H12 0.0543 


Condensed Ring Aromatics, 
Ci2 to C18 


471 ACENAPHTHALENE C1248 
472 ACENAPHTHENE C12H10 
473 FLUORENE Ci3H10 
474 ANTHRACENE C14H10 
475 PHENANTHRENE C14H10 
476 PYRENE C16H10 
477 FLUORANTHENE CIGHIO 
478 CHRYSEWE c18H72 1302.53 
479 TRIPHENYLENE C18H12 1384 .00 
480 BENZANTHRACENE Ci18H12 1302.80 
482 NAPHTHACENE Ci18H12 1317.20 


6.0573 
0.0574 
0.0385 
0.0498 
0.0498 
0.0523 
0.0519 
0.0526 
0.1061 
0.1061 
0.1061 


0.2640 
0.2570 
0.2600 
0.2210 
0.2220 
0.2210 
0.2270 
0.2200 
0.2000 
0.2000 
0.2000 


NNANNVVUVVV VV YY 
NNN VVVVV VU 


Note: Footnote codes follow Table 14.12. 
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0.9277 
0.9251 
0.9203 
0.9161 
0.9124 


0.9093 


0.9686 
0.9437 
0.9464 
0.9608 
0.9495 


1.51680 
1.51270 
1.51010 
1.50800 
1.50610 
1.50450 


1.57400 
1.55870 
1.56270 


1.53580 
1.52410 
1.51930 
1.53330 
1.53110 


Condensed Ring Aromatics, 


C12 to C18 


0.9008 


1.19413 
1.2013 


1997 


TABLE 1C1.6 (Continued) 


Vapor 
Pressure 
at 100 F 


psia 


0.0500 
0.0266 
0.0173 


0.2438 
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Heat Capacity 


0.3782 
0.3702 
0.3500 


at 60 F and Constant! of the Liquid 
Pressure 
Btu/lb deg F 


Ideal Gas| Liquid at 
1 atm 


0.6154 


0.7123 
1.3826 
1.0487 


101.6 


Kinematic Viscosity} Heat of Ret Heat 


of Com- 
bustion 
of Liquid 
at 77 F 
Btu/tb 


1-87 
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102.1 


Paraffins, C1 te C3 


1 METHANE 
2 ETHANE 
3 PROPANE 


Pareffins, C4H10 


4 
5 


n- BUTANE 
TSOBUTANE 


Paraffins, C5SH12 


(] 
7 
8 


n-PENTANE 
ISOPENTANE 
NEOPENTANE 


Paraffins, C6H14 


9 
10 
1 
12 
13 


h- HEXANE 
2-METHYLPENTANE 
3-METHYLPENTANE 
2,2-DIMETHYLBUTANE 
2,3-DIMETHYLBUTANE 


Paraffins, C7H16 


n- HEPTANE 
2-METHYLHEXANE 
3-METHYLHEXANE 
3-ETHYLPENTANE 
2,2-DIMETHYLPENTANE 
2,3-DIMETHYLPENTANE 
2,4-DIMETHYLPENTANE 
3,3-DIMETHYLPENTANE 
2 


TABLE 1C2.1 


“STD. API/PETRO TDB CHAPTER 1-ENGL 199? MM O?3e250 OSbbb74 SOb 


PARAFFINS: SECONDARY PROPERTIES 


Setubility 
Parameter 
(Cal sem*3)% 


72,3* TRIMETHYLBUTANE 


n-OCTANE 
2-METHYLHEPTANE 
3-METHYLHEPTANE 
4-METHYLHEPTANE 
3-ETHYLHEXANE 
2,2-DIMETHYLHEXANE 
2,3-DIMETHYLHEXANE 
2,4-DIMETHYLHEXANE 
2,5-DIMETHYLHEXANE 
3, 3-DIMETHYLHEXANE 


Note: Footnote codes follow Table 1C4.12. 


1-88 
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erature 


deg F 


Ideal Gas {Heat of 


Gibbs Free|Fusion at 


Ideal Gas 
Heat of 
Formation 
at 77 F 
Btu/lb 


-1997.06 
"1198.44 
- 1020.60 


50.11 
30.75 
19.02 


°874 52 
-915 .87 
1007.50 


-832.85 
-870.81 
-858.09 
°921.35 
~8B2.04 


-805.12 


1997 
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102.1 
TABLE 1C2.1 (Continued) 

Coefficient ASTM Octane Numbers Flammabilty Limits 

Aniline 

Point Motor Method Research Method Volume Percent in 

D 357 D 908 Air Mixture 
deg F 
3ml TEL | Clear Sml TEL 
per gal per gal 
Paraffins, 
0.001520 E 
Paraffins, 
0.001170 
0.001190 
Paraffins, 
0.000870 
0.000900 
0.001040 
Paraffins, 
0.000750 
0.000780 
0.000750 
0.000780 
0.000750 
Paraffins, C7H16 
0.000690 0.0 46 0.0 3. 7.00 
0.000680 46.4 7 42.4 73. 6.00 
0.000690 55.8 81 52.0 7%. 7.00 
0.000700 69.3 88. 65.0 85. 7.00 
0.000720 95.6 +2. 92.8 +0 6.00 
0.000700 88.5 +0.3 91.1 +0 6.80 
0.000720 83.8 ». 83.1 96. 6.50 
0.000650 86.6 40.6 80.8 9 7.00 
Soe 40.1 3.1 +1, 6.10 
Paraffins, CBH18 
0.000620 wets 28.1 os 0.80 6.50 
0.000610 23.0 60.8 20.6 0.90 P 5.80 P 
0.000620 35.0 68.0 26.8 0.90 P 5.80 P 
0.000660 39.0 70.1 26.7 0.90 P 5.80 P 
0.000630 52.4 80.0 33.5 0.90 P 5.80 P 
0.000650 77.4 9.2 72.5 0.90 P 5.50 P 
0.000630 78.9 93.7 71.3 0.90 P 5.90 P 
0.000660 69.9 89.0 65.2 0.90 P 5.90 P 
0.000650 55.7 82.9 55.2 0.90 P 5.90 P 
0.000620 83.4 100.0 75.5 0.90 Pp 5.50 P 
1997 1-89 
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TABLE 1C2.1 (Continued) 


Formula | Search |Sotubility Ideal Gas 
Number {Parameter Heat of 
(Cal/cem*3)*% Formation 
at 77 F 
Btu/\b 


Paraffins, C8H18 


3, 4-DIMETHYLHEXANE 
2-METHYL-3-ETHYLPENTANE 
3-METHYL-3-ETHYLPENTANE 
2,2, 3-TRIMETHYLPENTANE 
72, 4° TRIMETHYLPENTANE 


2,2 
2,3, 
2,3 
2,2 


BRBIS RS 


NNN 


3-TRIMETHYLPENTANE 
23,4-TRIMETHYLPENTANE 
¢2,3,37 TETRAMETHYLBUTANE 


. 


pete 
N 
wi 


Paraffins, COK20 


41. m-NONANE 

42° 2-METHYLOCTANE 

43 3-METHYLOCTANE 

44  4-METHYLOCTANE 

45 3-ETHYLHEPTANE 

46 2,2-DIMETHYLHEPTANE 
47 2,6-DIMETHYLHEPTANE 
48 3-TRIMETHYLHEXANE 
49 TRIMETHYL HEXANE 
50 “TRIMETHYLHEXANE 
51 ~ TRIME THYLHEXANE 


eee of we a 


SRRISRSSSE 
Weakssyaey 


2,2, 
2,2,4 
2,2,5 
2,3,3 
52 2,3,5-TRIMETHYLKEXANE 
53 2,4,4-TRIMETHYLHEXANE 
54 3,3,4-TRIMETHYLHEXANE 
55 3,3-DIETHYLPENTANE 
5& 2,2-DIMETHYL-3-ETHYLPENTANE 
57 2,4-DIMETHYL-3-ETHYLPENTANE 
58 2,2,3,3-TETRAMETHYLPENTANE 
59 2,2,3 
60 2,2,4 
61 2,3,3 


74> TETRAMETHYLPENTANE 
.4~TETRAMETHYLPENTANE 
o4- TETRAMETHYLPENTANE 


Paraffins, C10H22 


n-DECANE c10H22 
2-METHYLNONANE c10H22 
3-METHYLNONANE ciGH22 
4-METHYLNONANE C10K22 
5-METHYLNONANE C10H22 
2,2-DIMETHYLOCTANE C10H22 
2, 7-DIMETHYLOCTANE C10H22 
3,3,4-TRIMETHYLHEPTANE C10#22 
3,3,5-TRIMETHYLREPTANE ci0H22 
2,2,3,3-TETRAMETHYL HEXANE C10H22 


Note: Footnote codes follow Table 104.12. 
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102.1 
TABLE 1C2.1 (Continued) 
Coefficient | ASTM Octane Munbers | Flammabil ty Limits |Watson 
Aniline K Factor 
Motor Method Research Method Volume Percent in 
D 357 D 908 Air Mixture 
Bal TEL | Clear 3m TEL | Lower Upper 
per gal per gal 
0.90 5.90 
0.90 5.90 
0.90 5.50 
1.00 5.60 
0.95 6.00 
1.00 5.60 
1.00 6.00 
0.90 5.30 
0.000630 0.70 5.60 
0.000630 0.85 P 5.40 P 
0.000580 0.85 Pp 5.40 P 
0.000590 0.85 Pp 5.40 P 
0.000640 0.80 P 5.40 P 
0.000720 0.80 P 5.10 P 
0.000620 ee 0.80 P 5.40 P 
0.000550 a 0.80 P 5.18 P 
6.000580 es 0.80 P 5.18 P 
0.000580 on 0.80 Pp 5.20 P 
0.000560 ad 0.80 P 5.18 P 
0.000630 ay 0.80 Pp 5.49 P 
0.000540 . 0.860 P 5.20 P 
0.000650 3 0.80 Pp 5.18 P 
0.000520 97 0.70 5.70 
0.000550 +6 0.80 P 5.20 P 
0.000560 +3 0.80 Pp 5.50 P 
6.000520 +4 0.80 4.90 
0.000540 0.85 P 5.30 P 
0.000540 0.85 Pp 5.00 P 
0.000570 0.80 P 5.30 P 
0.000550 0.70 
0.000640 0.70 P Pp 
0.000640 0.70 P Pp 
0.000600 0.70 P P 
0.000600 0.70 P Pp 
ore 0.70 P P 
0.000590 0.70 P Pp 
0.000570 0.72 P Pp 
0.000560 0.72 P P 
0.000530 0.72 P Pp 
1997 tye 
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TABLE 1C2.1 (Continued) 


Fermula | Search |Solubility Ideal Gas [Ideal Gas jHeat of 
Number |Parameter i feat of Gibbs Free|Fusion at 
Cal /em*3)“% Formation 

at 77 F i 
Btu/lb 

Paraffins, C10K22 

71 (2,2,5,5°TETRAMETHYLHEXANE 441 

72 2,4-DIMETHYL-3- ISOPROPYL 

PENTANE 442 


Paraffins, C11 to C30 


73 R-UNDECANE C11H24 
74 m-DODECANE C12H26 
75 me TRIDECANE C13H28 
76 m-TETRADECANE C1GH30 
n-PENTADECANE CIS5H32 
n- HEXADECANE C16H34 
n-HEPTADECANE C1736 
n-OCTADECANE C18H38 
T- NONADE CANE C19H40 
n-EICOSANE c20H42 
n-HENE ICOSANE C21H44 
n-DOCOSANE C22H46 
n-TRICOSANE C23H48 
n- TETRACOSANE C24HS0 
nm-PENTACOSANE C25H52 
r- HE XACOSANE C26H54 
n- REPTACOSANE C27H56 
n-OCTACOSANE C28H58 
n- NONACOSANE C29H60 
n- TRIACONTANE C30H62 


VUVVVUVVV VU 
wcvvVVVVV VU 


Note: Footnote codes follow Table 1C4.12. 
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102.1 
TABLE 1C2.1 (Continued) 

Coefficient ASTM Octane Numbers Flammabilty Limits|Watson 

of K Factor 

Expansion Motor Method Research Method Volume Percent in 

at 60 F D 357 D 908 Air Mixture 

per deg F 3ml TEL Lower Upper 

per gal 

Paraffins, C10H22 
0.72 P 71 
0.72 P 72 
0.70 5.10 P BB 
0.60 4.90 P 7% 
0.60 4.70 P 7S 
0.50 4.50 P 76 
0.50 P 4.30 P 77 
0.50 P 4.20 P 78 
0.50 P 4.00 P 79 
0.40 P 3.90 P 80 
0.40 P 3.80 P 81 
0.40 P 3.70 P 82 
0.40 P 3.60 P & 
0.40 P 3.50 P &4 
0.40 P 3.50 P 8&5 
0.30 P 3.40 P 86 
0.30 P 3.30 P 87 
0.30 P 3.30 P 88 
0.30 P 3.20 P 
0.30 P 3.20 P 
0.30 P 3.10 P 
0.30 P 3.10 P 

1997 1-93 
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102.2 


TABLE 1C2.2 
CYCLOPARAFFINS: SECONDARY PROPERTIES 


Formuta | Search [Solubility Flash 
Number [Parameter Point 
(Cat/em3)“h | Temp- 

erature 


deg F 


Alkylcyclopropanes, C3 to C5 


CYCLOPROPANE 
METHYLCYCLOPROPANE 
ETHYLCYCLOPROPANE 
cis-1,2-DIMETHYLCYCLOPROPANE 
trans-1,2-DIMETHYLCYCLOPROPANE 


Alkylcyclobutanes, €4 to Cé6 


98 CYCLOBUTANE 
99 METHYLCYCLOBUTANE 
100 ETHYLCYCLOBUTANE 


Alkyleyclopentanes, C5 to C7 


101 CYCLOPENTANE 

102 METHYLCYCLOPENTANE 

103 ETHYLCYCLOPENTANE 

104 1, 1-DIMETHYLCYCLOPENTANE 

105 cis-1,2-DIMETHYLCYCLOPENTANE 
106 trans-1,2-DIMETHYLCYCLOPENTAWE 
107 cis-1,3-DIMETHYLCYCLOPENTANE 
108 trans~1,3-DIMETHYLCYCLOPENTANE 


eREER 


3a 


NNNNNNNO& 
au 
iw 


Alkylcyclopentanes, C8H16 


109 n-PROPYLCYCLOPENTANE 
110 ISOPROPYLCYCLOPENTANE -577.42 P 
111. 1-METHYL- 1-ETHYLCYCLOPENTANE -593 47 
112 cis-1-METHYL-2-ETHYL- 
CYCLOPENTANE -301.53 
113 trans-1-METHYL-2-ETHYL- 
CYCLOPENTANE -301.53 
Cis-1-METHYL-3-ETHYL- 
CYCLOPENTANE -301.53 
trans-1-METHYL°3-ETHYL- 
CYCLOPENTANE -301.53 
1,1, 2-TRIMETHYLCYCLOPENTANE -383.76 
1,1,3-TRIMETHYLCYCLOPENTANE -383.76 
1,¢-2,¢-3-TRIMETHYL- 
CYCLOPENTANE -301.53 
1,c-2, t-3-TRIMETHYL- 
CYCLOPENTANE -383.76 
1,t-2,¢-3-TRIMETHYL- 
CYCLOPENTANE 383.76 
1,¢+2,¢-4-TRIMETHYL- 
CYCLOPENTANE -383.76 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C2.2 (Continued) 


Coefficient ASTM Octane Numbers Flammabilty Limits |Watson 
Aniline 


Point Motor Method ——o Percent in 
OG 357 Air Mixture 
deg F 
3ml TEL |} Clear Smal TEL 
per gal per gal 


0.000870 
0.000740 
6.000730 


0.000700 
0.000710 
0.000670 
6.000660 
0.000630 
0.000660 
0.000650 
0.000660 


0.000580 
0.000540 
0.000590 
0.000590 
0.000580 
9.000580 
0.000580 
0.000630 
0.000660 
0.000590 
0.000580 
0.000660 


0.000630 
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TABLE 1C2.2 (Continued) 


Formula | Search {Solubility 
Wumber {Parameter 
(Cal/cm*3)*% 


Alkyleyclopentenes, CBH16 


122 1,c-2,t-4-TRIMETHYL- 
CYCLOPENTANE 

123° 1,t-2,ce-4-TRIMETHYL- 

CYCLOPENTANE 


Alkylcyclopentanes, C9H18 


n-BUTYLCYCLOPENTANE 

125 ISOBUTYLCYCLOPENTANE 

126 1-METHYL-1-n-PROPYL - 
CYCLOPENTANE 

127 1, 1-DIETHYLCYCLOPENTANE 

128 cis-1,2-DIETHYLCYCLOPENTANE 

129 1,1-DIMETHYL-2-ETHYL- 

CYCLOPENTANE 


Alkylcyclopentanes, C10 to C25 


130 n-PENTYLCYCLOPENTANE 
131 n= HEXYLCYCLOPENTANE 
132 n-HEPTYLCYCLOPENTANE 
133 n-OCTYLCYCLOPENTANE 
134 n-NONYLCYCLOPENTANE 
135 n-DECYLCYCLOPENTANE 
136 m-UNDECYLCYCLOPENTANE 
137 n-DODECYLCYCLOPENTANE 
138 n-TRIDECYLCYCLOPENTANE 
139 n-TETRADECYLCYCLOPENTANE 
140 n-PENTADECYLCYCLOPENTANE 
1417 n-HEXADECYLCYCLOPENTANE 
142 n-HEPTADECYLCYCLOPENTANE 
143 m-OCTADECYLCYCLOPENTANE 
144 n-NOWADECYLCYCLOPENTANE 
145 n-EICOSYLCYCLOPENTANE 


C10H20 
C1in22 
Ci2H246 
C13H26 
C14H28 
C1SH30 
C1GH32 
Ci7H34 
C1BH36 
C1ISH38 
C20H40 
C21H42 
C22H44 
C23H46 
C24H48 
C25H50 


Alkylcyclohexanes, C6 and C7 


146 CYCLOHEXANE 
147 METHYLCYCLOHEXANE 


Alkylcyclohexanes, C8H16 


148 ETHYLCYCLOHEXANE 
149 1, 1-DIMETHYLCYCLOHEXANE 

150 cis-1,2-DIMETHYLCYCLOHEXANE 
151 trans-1,2-D IMETHYLCYCLOHEXANE 


Note: Footnote codes follow Table 104.12. 
1-96 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


1997 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER 1-ENGL 1997 Ml 0732290 OSbbbé? S15 


1997 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


0.000540 
0.000590 


0.000600 
0.000550 
0.000600 


0.000690 


0.000680 
0.000630 


Alkyleyetohexanes, CBH16 


0.000540 
0.000590 
0.000550 
0.000580 


102.2 
TABLE 1C2.2 (Continued) 
Motor Method Research Method Volume Percent in 
0 357 db 908 Air Mixture 
3ml TEL | Clear Seal TEL | Lower 
per gal per gal 
0.74 P 5.47 P 
0.68 P 5.20 P 
0.62 P 5.06 P 
0.57 P 5.01 P 
0.53 P 5.07 P 
0.50 P $.24 P 
0.47 P 5.53 P 
0.44 P 5.95 P 
0.41 P 6.53 P 
0.39 P 7.33 P 
0.37 P 8.38 P 
0.35 P 9.79 P 
0.34 P | 11.67 P 
0.32 P | 14.20 P 
0.31 P | 17.63 P 
0.30 P | 22.34 P 
1-97 
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TABLE 1C2.2 (Continued) 


Search {Solubility Ideal Gas |Ideal Gas |Meat of 


Parameter Heat of Gibbs Free|Fusion at 
(Cal/em*3)*% Formation 

erature | at 77 F 

deg F Btu/lb 


Alkyicyclohexanes, CBH16 


152 cis-1,3-DIMETHYLCYCLOHEXANE 
153 trans-1,3-DIMETHYLCYCLOHEXANE 
154 cis-1,4-DIMETHYLCYCLOHEXANE 
155 trans-1,4-DIMETHYLCYCLOWEXANE 


Alkylecyclohexanes, C9 and C10 


156 n-PROPYLCYCLOHEXANE COn18 


157 ISOPROPYLCYCLOHEXANE COH18 ote 
158 m-BUTYLCYCLOHEXANE C10H20 173.30 43.48 
159 ISOBUTYLCYCLOHEXANE Ci0K20 ove . 
160 sec-BUTYLCYCLOHEXANE c10H20 . ae 


161 tert-BUTYLCYCLOHEXANE C10H20 
162. 1-METHYL-4- ISOPROPYL - 


CYCLOHEXANE 


C10K20 


Alkyicyclohexanes, C11 to C26 


163 m-PENTYLCYCLOHEXANE C1in22 - 
164 n-HEXYLCYCLOHEXANE C12H24 168 q 184.77 56.64 
165 m-HEPTYLCYCLOHEXANE C13H26 157 8.126 . 190.86 61.16 
166 n-OCTYLCYCLOHEXANE C14H28 169 8.151 ae 196.54 65.95 
167 m-NONYLCYCLOHEXANE C15#30 170 8.170 ihe 198.35 70.11 
168 n-DECYLCYCLOHENANE C16H32 158 8.137 267.53 P 201.72 74.01 
169 n-UNDECYLCYCLOKEXANE CI7H34 171 8.200 aay 204.81 | 76.9% 
170 m-DODECYLCYCLOHEXANE C1BH36 172 8.216 et 207.40 78.08 
171 n- TRIDECYLCYCLOHEXANE C19H38 173 8.228 Ses 209.71 82.34 
172) me TETRADECYLCYCLOHEXANE C2040 174 8.241 abs 211.95 B4 64 
173 n-PENTADECYLCYCLOHEXANE C21H42 377 ware ous 213.83 a 
174 n= HEXADECYLCYCLOHEXANE C22H44 378 Sa busts 

4175 m-HEPTADECYLCYCLOHEXANE C23H46 379 35% aeye 

176 m-OCTADECYLCTCLOHEXANE C24H48 380 See iat 

177 n-WONADECYLCYCLOHEXANE C25H50 381 aoe 

178 m-E1COSYLCYCLOHEXANE C26H52 oe 


Cycioparaffins, C7 to Ciz 


179 CYCLOHEPTANE C7H14 


180 CYCLOOCTANE CBH16 
181 CYCLONONANE COH18 
1B2 ETHYLCYCLOHEPTANE COH18 


183 BICYCLOHEXYL Ci2H22 


Note: Footnote codes follow Table 1¢€4.12. 
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102.2 
TABLE 1C2.2 (Continued) 
Coefficient ASTM Octane Numbers Flammabilty Limits |Watson 
Aniline 
Point Motor Method Research Method Volume Percent in 
Db 908 Aic Mixture 
deg F 
Clear Bal TEL | Clear Bal TEL 
per gal per gal 
0.000500 Pp 
0.000500 P 
0.000500 Pp 
Pye Pp 
eee -) 
eee P 
mae P 
0.68 P 5.20 p 
0.62 P 5.06 P 
0.57 P 5.01 P 
0.53 P 5.07 P 
0.50 P 5.24 P 
0.50 P 4.70 P 
0.44 P 5.95 P 
0.41 P 6.53 P 
0.39 P 7.33 P 
0.37 P 8.38 P 
0.35 Pp 9.79 P 
0.34 Pp P 
0.32 P P 
0.31 P Pp 
0.30 P P 
0.29 Pp P 
Cycloparaffins, 
0.000610 
0.000520 
0.600530 
1997 1-99 
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Decahydronaphthalenes, C10 to C12 


184 
185 
186 
187 


188 


cis-DECARYDROMAPHTHALENE 

trans~-DECAHYORONAPHTHALENE 

1-METHYL- [cis-DECAHYDRO- 
NAPHTHALENE} 

1-METHYL- [trans-DECAHYDRO- 
NAPHTHALENE] 

1-ETHYL- [cis-DECAHYDRO- 
WAPHTHALENE} 

1-ETHYL- [trans-DECAHYDRO- 
NAPHTHALENE) 

9-ETHYL- [cis-DECAHYDRO- 
NAPHTHALENE] 

9-ETHYL- [trans-DECAHYDRO- 
NAPHTHALENE} 


TABLE 1C2.2 (Continued) 


C1OH18 
Ci0HTs 


CitK20 
C11H20 
cl2H22 
Ci2n22 
cizK22 
C12K22 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C2.2 (Continued) 


ASTM Octane Numbers Flammabilty Limits !Watson 


K Factor 
Motor Method npg, Method Votume Percent in 
D 357 Air Mixture 
Clear Bal TEL Smt TEL 
per gal per gal 


1-101 
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Note: Footnote codes follow Table 1C4.12. 


1-102 


TABLE 1C€23 


MONOOLEFINS AND DIOLEFINS: SECONDARY PROPERTIES 


Monoolefins, C2 and C3 


192 ETHYLENE 
193 PROPYLENE 


Monoolefins, C4#8 


194 
195 
196 


1-BUTENE 
cis~2-BUTENE 
trans-2-BUTENE 
TSOBUTENE 


Honoolefins, C5H10 


1-PENTENE 
cis-2-PENTENE 
trans-2-PENTENE 
2-METHYL > 1-BUTENE 
3-METHYL- 1-BUTENE 
2-METHYL-2-BUTENE 


1-HEXENE 

cCis-2-HEXENE 
trans-2-HEXENE 
Cis-3-HEXENE 
trans-3-HEXENE 
2-METHYL-1-PENTENE 
3-METHYL~1-PENTENE 
4-WETHYL- 1-PENTENE 
2-METHYL-2-PENTENE 
¢is-3-METHYL-2-PENTENE 


trans-3-METHYL~2-PENTENE 


Cis-4-METHYL-2-PENTENE 


trams-4-METHYL-2-PENTERE 


2-ETHYL-1-BUTENE 

2,3-DIMETHYL -1-BUTENE 
3,3-DIMETHYL - 1-BUTENE 
2,3-DIMETHYL-2-8UTENE 


1-HEPTENE 
cis-2-HEPTENE 
trans-2-HEPTENE 
¢is-3-HEPTENE 
trans-3-HEPTENE 


Sotubility 
Parameter 
(Cal/em*3)* 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


14332333 


7161.22 
°190.65 
-216.39 
-169.19 
°256.24 


“216.55 
-247.09 
-274.88 
-243.21 
~278.05 
-302.65 
-252.61 
°261.55 
“341.12 
-317.59 
-322.55 
-283.41 
-304.79 
-285.55 
-330.86 
-309.06 
-350.74 
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TABLE 1C2.3 (Continued) 


Coefficient ASTM Octane Nunbers Flanmabilty Limits }|Watson 
of Aniline K Factor 
Expansion Point Motor Method Research Method Volume Percent in 
at 60 F D 357 D 908 Air Mixture 
deg F 
. es feed 


Monoolefins, C2 and c3 


oe 48.5 
0.001890 2.3 


Monoolefins, 


0.001160 
0.00098c 
0.001070 
0.001200 


Monoolefins, 


0.000890 
0.000870 
0.c00900 
0.000900 
0.000950 
0.000870 


wo ODOM 
Se8Seq 


Monoolefins, 


0.000760 
0.000730 
0.000720 
0.000730 
0.000770 
0.000770 
0.000750 
0.000790 
0.000730 
0.000740 
0.000700 
0.000760 
0.000800 
0.000740 
0.000770 
0.000900 
0.090710 


ee 
. 
. 


‘ 
' 


. 
. 


vee 
owmnnh 
Py 
. 


ry 


, * 
Woes 
. 
. 


. 88daa 
tek ARAMMO 


a ke tt ot ee et ts 
. 

NNN NNNNNN NAN NN NO 

SSSsssssessssssggs 

vvuVvVvVTVVVV Ve Ve VU 


e 8 
wos 
» 
« 


BODO GO0UBODOWO DOO ON 
a ae Qoooow 
Ssseseasssssssssss 


e 
ar 


F.&K. RR. SEBS 
. 
VVVVVUVVVVBTVVUV VU 


9.000700 
0.000670 
0.000660 
6.000710 
0.000700 
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TABLE 1C2.3 (Continued) 


Formula | Search [Solubility Ideal Gas [Heat of 
Wumber |Parameter i Gibbs Free|Fusion at 
(Cat/em*3)*% 
erature 


deg F 


Monoolefins, C7H14 


é 


2-METHYL-1-HEXENE 
3-METHYL- 1-HEXENE 
4-METHYL~ 1-HEXENE 
5-METHYL~1-HEXENE 
2-METHYL-2-HEXENE 
cis-3-METHYL-2-HEXENE 
trans-3-METHYL-2-HEXENE 
cis-4-METHYL-2-HEXENE 
trans-4-METHYL-2-HEXENE 
cis-5-METHYL-2-HEXENE 
treans-5-METHYL-2-HEXENE 
¢is-2-METHYL-3-HEXENE 
trans-2-METHYL-3-HEXENE 
Gis-3-METHYL-3-HEXENE 
trans-3-METHYL-3-HEXENE 
2-ETHYL-4-PENTENE 
3-ETHYL-1-PENTENE 
3-ETHYL-2-PENTENE 
2,3-DIMETHYL-1-PENTENE 
2,4-DIMETHYL-1-PENTENE 
3,3-DIMETHYL-1-PENTENE 
3, 4-DIMETHYL-1-PENTENE 
4,4-DIMETHYL-1-PENTENE 
2,3-DIMETHYL-2-PENTENE 
2,4- 
cis- 


NNNNN 
Wo 
NSee 


o 
- 


SANA AN 
Wu ww 
SSAReE 


. 
wW 
ps 
od 


DIMETHYL -2-PENTENE 
3,4-DIMETHYL-2-PENTENE 
trans-3,4-DIMETHYL-2-PENTENE 
cis-4,4-DIMETHYL-2-PENTENE 
trans-4,4-DIMETHYL-2-PENTENE 
3-METHYL-2-ETHYL~1-BUTENE 
2,3,3-TRIMETHYL- 1-BUTENE 


VVVVGH HV VU VV VU 


1-OCTENE 
Cis-2-OCTENE 

trans -2-OCTENE 
cis-3-OCTENE 
trans-3-OCTENE 
cis-4-OCTEWE 
trans-4-OCTENE 
2-METHYL- 1-HEPTENE 
3-METHYL-1-HEPTENE 


Note: Footnote codes follow Table 1C4.12. 
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102.3 
TABLE 1C2.3 (Continued) 
Coefficient ASTM Octane Numbers Flanmabilty Limits|Watson 
of Aniline K Factor 
at 60 F 0 357 D 908 Air Mixture 
deg F 
per deg F Smt TEL | Clear 3mt TEL 
per gal per gal 

Monoolefins, C7H14 
0.c00710 78.8 90.7 1.00 P 7.80 P 

71.5 82.2 1.00 P 8.20 P 

74.0 86.4 1.10 P 8.10 P 

64.0 75.5 1.06 P 8.10 P 

79.2 91.6 1.06 P 7.46 P 

80.0 92.4 1.06 P 7.46 P 

79.6 91.5 1.06 P 7.46 P 

sina! 98.6 1.06 P 7.87 P 
0.000700 83.0 96.8 1.06 P 7.46 P 
0.000530 wee ahaed 1.06 P 7.87 P 
0.000700 94.4 1.06 P 7.87 P 
0.000520 aie 1.06 P 7.87 P 
0.000740 97.9 1.06 P 7.87 P 
0.000810 96.0 1.06 P 7.46 P 
0.000760 96.4 1.06 P 7.46 P 
0.000670 See 1.00 P 7.80 P 
0.000700 95.6 1.00 P 8.10 P 
0.000680 80.6 84.4 93.7 1.06 P 7.46 P 
0.000710 84.2 86.4 9.3 1.06 P 7.87 P 
0.600740 8.6 87.3 2 1.06 P 7.87 P 
0.000660 86.1 87.3 3 1.06 P 7.74 P 
0.000660 80.9 as 98.9 1.06 P 8.20 P 
0.000730 85.4 87.7 +0.4 1.06 P 7.74 P 
0.000690 80.0 83.3 97 1.06 P 7.08 P 
0.000700 85.3 86.4 100 1.06 P 8.03 P 
0.000720 82.2 85.1 96 1.06 P 7.58 P 
0.000720 as wie ‘ 1.06 P 7.58 P 
0.000700 90.2 ne “ 1.06 P 7.87 P 
0.000740 90.9 94.5 1.06 P 7.87 P 
0.000710 82.0 85.6 1.06 P 7.87 P 
0.000710 90.5 93.7 1.00 P 7.40 PB 
0.000580 0.80 6.80 
0.000640 0.90 P 6.90 P 
0.000630 0.90 P 6.90 P 
0.000540 0.90 P 6.90 P 
6.000670 0.90 P 6.90 P 
0.000450 0.90 P 6.90 P 
0.000630 0.90 P 6.90 P 
0.000630 0.90 P 6.90 P 
6.000670 0.93 P 7.18 P 
1997 ie 
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Monoolefins, CBH16 


4-METHYL - 1-HEPTENE 
trans-6-METHYL-2-HEPTENE 
trans-3-METHYL-3-HEPTENE 
2-ETHYL- 1-HEXENE 

3-ETHYL- 1-HEXENE 

4-ETHYL- 1-HEXENE 
2,3-DIMETHYL- 1-HEXENE 
2,3-DIMETHYL-2-HEXENE 
cis-2,2-DIMETHYL-3-HEXENE 
2,3,3-TRIMETHYL- 1-PENTENE 
2,4,4-TRIMETHYL-1-PENTENE 
2,4,4-TRIMETHYL-2-PENTENE 


Monoolefins, C9 to C20 


278 1-NONENE 

279 1-DECENE 

280 1-UNDECENE 
1-DODECENE 
1-TRIDECENE 
1-TETRADECENE 
1-PENTADECENE 
1-HEXADECENE 
1-HEPTADECENE 
1-OCTADECENE 
1-NONADECENE 
1-EICOSENE 


Diolefins, C3 to cS 


290 = PROPADIENE 

291 1,2-BUTADIENE 
1,3-BUTADIENE 
1,2-PENTADIENE 
cis-1,3-PENTADIENE 
trans-1,3-PENTADIENE 
1,4-PENTADIENE 
2,3-PENTADIENE 
3-METHYL-1,2-BUTADIENE 
2-METHYL-1,3-BUTADIENE 


Diolefins, C& te C10 


300 2,3-DIMETHYL-1,3-BUTADIENE 
301 1,2-HEXADIENE 


TABLE 1C2.3 (Continued) 


C9H18 

c10K20 
c11H22 
C12H24 
C13H26 
C14H28 
C15H30 
C16H32 
C17H34 
C18H36 
CI9H38 
C20H40 


Note: Footnote codes follow Table 1C4.12. 
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Search [Solubility 
Parameter 
(Cal/em*3)“% 


erature 


deg F 


80.33 
116.60 
189.53 
119.93 
174.20 
230.00 
233.33 
269.60 
274.73 
298.40 
314.33 
332.33 


- *386.21 


Heat of 
Formation 
at 77 F 
Btu/slb 


-340.62 
-383.89 
-403.45 
371.64 
+339 .47 
-332.95 
-374.32 
“415.71 
+348 .66 


vuvuVvvuypVVUY 


422.98 
-401.90 


236.28 P 
-344.46 P 


Information Handling Services, 


349.71 
354.55 


332.56 
358.23 


2154.76 
1578.51 
1190.00 
1294.49 

951.91 

921.62 
1079.77 
1257.25 
1246.52 

920.82 


1997 


2000 
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102.3 
TABLE 1C2.3 (Continued) 
Coefficient [ASTM Octane munbers Flammabilty LimitsjWatson 
tli K Factor 
i i Motor Method Research Method Volume Percent in 
Pee ea [ 
per gal per gal 
0.000630 0.93 P 7.16 P 
0.000540 0.93 P 6.97 P 
0.000640 0.93 P 6.64 P 
0.000640 0.90 P 6.90 P 
0.000670 0.93 P 7.16 P 
0.000500 0.93 Pp 7.16 P 
0.000680 0.90 P 7.00 P 
0.000650 0.93 P 6.34 P 
0.000630 0.93 P 6.66 P 
0.000690 0.93 p 6.66 P 
0.000630 0.90 P 6.70 P 
0.000630 0.90 P 6.40 P 
0.000590 0.60 P 6.00 P 
0.000600 0.55 5.70 
ae 0.50 P 5.30 P 
oreye 0.40 P 5.00 P 
iad 0.40 P 4.70 P 
sere 0.40 P 4,50 P 
aoe 0.30 P 4.30 P 
22% 0.30 P 4.10 P 
Sa 0.30 Pp 4.00 P 
aes 0.30 P 3.80 P 
wee 0.30 P 3.70 P 
0.30 Pp 3.60 P 
0.000980 P 
0.001136 
0.000830 P 
0.000820 p 
0.000850 P 
0.000830 P 
0.000830 i) 
0.000860 P 
0.000860 
Diolefins, C6 to C10 
0.000720 
1997 W107 
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TABLE 1C2.3 (Continued) 


Search |Solubility 
Number |Parameter 
(Cal/em*3)“% 
erature 
deg F 


Diolefins, C6 to C10 


302 1,5-HEXADIENE C6H10 
303 2,3-HEXADIENE C6H10 
304 3-METHYL-1,2-PENTADIENE c6H10 
2-METHYL- 1, 5-HEXAD I ENE C7H12 
2-METHYL-2,4-HEXADIENE C7HI2 
2,6-OCTADIENE CBHIL 
2,6-DIMETHYL-1,5-HEPTADIENE COHT6 
3,7-DIMETHYL-1,6-OCTADIENE C10H18 


Note: Footnote codes follow Table 1C4.12. 
1-108 1997 
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TABLE 1C2.3 (Continued) 


ASTM Octane 


Motor Method 
D 357 


0.000530 
0.000560 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 1A 3322.33 


Numbers 


Research Method 


102.3 


Flannabilty Limits 


Volume Percent in 


Air Mixture 


p 
P 
P 
P 
P 
P 
P 
Pp 


1-109 


Information Handling Services, 


2000 


102.4 


Note: Footnote codes follow Table 1C4.12. 
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Alkylcyctopentenes, C5 to CB 


310 
311 
312 
313 
314 


CYCLOOLEFINS AND ACETYLENES: SECONDARY PROPERTIES 


CYCLOPENTENE 
4-METHYL-CYCLOPENTENE 
1-ETHYLCYCLOPENTENE 
3~ETHYLCYCLOPENTENE 
1-n-PROPYLCYCLOPENTENE 


Alkyl cyclohexenes, C6 to C8& 


3415 


CYCLOHEXENE 


316 1-METHYLCYCLOHEXENE 
317 1-ETHYLCYCLOHEXENE 


Cyclic Diolefins, C5 to C10 


318 CYCLOPENTADIENE 


319 


DICYCLOPENTADIENE 


Cyclic Unsaturates, C10H16 


320 
321 


alpha-PINENE 
beta-PINENE 


Acetylenes, C2 to C4 


ACETYLENE 
METHYLACETYLENE 
DIMETHYLACETYLENE 
ETHYLACETYLENE 
VINYLACETYLENE 


1-PENTYNE 
2-PENTYNE 
3-METHYL-1-BUTYNE 
1-HEXYNE 
1-WEPTYNE 
1-OCTYNE 

1-WONYNE 

1-DECYNE 


céH10 
C7HI2 
CBH14 


C10H18 


TABLE 1C2.4 


Search {Solubility 
Number {Parameter 


COPYRIGHT 2000 American Petroleum Institute 
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2000 


143322333 


271 
eve 


(Cat/em*3)“h 
erature 


deg F 


86.00 
87.53 


Ideal Gas [Ideal Gas {Heat of 


Heat of 
Formation 
at 77 F 
Btu/lb 


208.91 697.42 
449.13 2 one 
88.07 eee 
-36.21 sit 
-157.61 eee 


-24.08 
-162.35 P 
°219.39 P 


89.31 
122.13 


3767.97 
1984.14 
1158.05 
1313.04 
2514.73 


3478.69 
2080.07 
1669.62 
1607.52 
2526.29 


1327.31 
1203.60 
1307.74 
1143.58 
1014.78 
916.83 
843.04 
783.36 


Information Handling Services, 


1997 


2000 


STD-API/PETRO TDB CHAPTER L=-ENGL 1997 MM 0732290 0566701 715 ml 


102.4 
TABLE 1C2.4 (Continued) 
ASTH Octane Nunbers Flammabilty Limits 
Motor Method cea Method Volume Percent in 
Air Mixture 
Seal TEL | Lower 
per gal 
Cyclic Unsaturates, C10H16 
Acetylenes, C2 to C4 
Acetylenes, C5 to C10 
0.000870 1.60 P | 22.30 P 
0.000800 1.60 P | 25.30 P 
ose 1.60 P | 22.80 P 
0.000760 1.30 P | 16.60 P 
0.000690 4.10 P | 13.20 P 
0.000610 1.00 P | 10.90 P 
0.000620 0.85 P 9.39 P 
0.0c0S80 0.82 P 8.35 P 
1997 1-111 
1 i Information Handling Services, 2000 
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102.5 


TABLE 1C2.5 
BENZENE DERIVATIVES: SECONDARY PROPERTIES 


Search (Solubility Ideal Gas |Ideat Gas |Heat of 
Number /Parameter i Heat of i 
(Cal/cm*3)“% Formation 
erature | at 77 F 
deg F Btu/lb 


Alkylbenzenes, C6 and C7 
335 BENZENE 

336 TOLUENE 

Alkyl benzenes, C8H10 
337 ETHYLBENZENE 

338 o-XYLENE 


339 m-XYLENE 
340 p-XYLENE 


Alkylbenzenes, COH12 


Bi 


341° n-PROPYLBENZENE 

342 ISOPROPYLBENZENE 

343 o-ETHYLTOLUENE 

344 m-ETHYLTOLUENE 

345 ps ETHYLTOLUENE 

346 1,2,3-TRIMETHYLBENZENE 

347 1,2,4-TRIMETHYLBENZENE 
1,3,5-TRIMETHYLBENZENE 


‘ 
w 


' 
e 


Jaggae 


oon 
. 


0 03 CoO G Oo O&O 
HEVSUS Y 
SRRRRBBL 


Alkylbenzenes, C10H14 


n-BUTYLBENZENE C10H14 

ISOBUTYLBENZENE C10H14 131.00 
sec-BUTYLBENZENE C10H14 125.33 
tert-BUTYLBENZENE CiOH14 140.00 
1-METHYL -2-n-PROPYLBENZENE C10H14 127.13 
1-METHYL-3-n-PROPYLBENZENE CIOH14 125.33 
1-METHYL-4-n-PROPYLBENZENE C1OH14 127.13 
0-CYMENE CIOH14 127.40 
a CYMENE C10H14 122.00 
p-CYMENE CIOH14 116.33 
o-DIETHYLBENZENE C10H14 135.00 
m-DIETHYLBENZENE C10H1E 132.53 
p-DIETHYLBENZENE CiOH1S 132.80 
1,2-DIMETHYL-3-ETHYLBENZENE C10H14 149.00 
1,2-DIMETHYL-4-ETHYLBENZENE CIOH14 136.13 
1,3-DIMETHYL-2-ETHYLBENZENE CIOH14 136.13 
2o-DIMETHYL-4~-ETHYLBENZENE C10H14 134.33 
OIMETHYL-5-ETHYLBENZENE C1OH14 127,13 
DIMETHYL -2-ETHYLBENZENE C10H14 132.53 
o3,4-TETRAMETHYLBENZENE C1014 154.40 
,3,5- TETRAMETHYLBENZENE C10H14 146.00 
4,5-TETRAMETHYLBENZENE C1OHTS 130.00 -150.87 


i 
1 
1 
1 
1 
1 


3 
4 
7 
2 
2 


Note: Footnote codes follow Table 1C4.12. 
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TABLE 1C2.5 (Continued) 


Coefficient ASTM Octane Numbers Flammabilty Limits}Watson 
Ani Line 
Motor Method Research Method Volume Percent in 
O 357 0 908 Air Mixture 


i 


0.000540 
0.000550 
0.000540 
0.000540 


Alkylbenzenes, 


0.000540 
0.000540 
0.000500 
0.000540 
0.000540 
0.000450 
9.000490 
0.000540 


38 
oo-ws 


= 


BRRSSSBR 


+ 
Peery 
ee ee’ 
RAN SsS 
ooo0000 


+ 


+ 
aeooo@o”w 
Pere) 
an 
ARK 

NULUTU UL a om 


Alkylbenzenes, C10H14 


0.000540 *22.0 
0.000530 oes 
0,000540 nae 
0.000540 aise 
0.000490 wee 
0.000540 aie 
0.000540 Poe 
0.000550 ver 
9.000540 see 
0.000540 eee 
0.000500 a 
0.000540 nae 
0.000540 
0.000560 
6.000550 
6.000560 
0.000550 
0.000540 
0.000490 
0.000450 
0.000500 
0.000440 


e 
. 


es ee ee 
oe ee ae 


Py 
ry 


Py 
vuVUU 


SeSSSsssssassssasssa3ss3s 


vuvVVTVUY wT vuvwvud 


SSSSSBSeseeeyeeeeeyeee 


e 
ry 


geoo0000ecoccooe9e0cef a0 0 eccecn0 
. 
vv 
Ct el ee ee ee ee oe a ea) 
"ree 


y 
. 
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1C2.5 


Alkyl benzenes, C12H18 


541 
542 


1,3-DI ISOPROPYLBENZENE 
1,4-DI ISOPROPYLBENZENE 


Alkylbenzenes, C11 to C22 


371 
372 
373 
376 
375 
376 
377 
378 
379 
380 
381 
382 


n-PENTYLBENZENE 

m~ HEXYLBENZENE 

nh HEPTYLBENZENE 
n-OCTYLBENZENE 

f- NONYLBENZENE 
n-DECYLBENZENE 
n-UNDECYLBENZENE 
n-DODECYLBENZENE 

n- TRIODECYLBENZENE 
n- TETRADECYLBENZENE 
n- PENTADECYL BENZENE 
N- HEXADECYLBENZENE 


Cyclohexylbenzene, C12H16 
383 CYCLOHEXYLBENZENE 


Alkenylbenzenes, C8 to C10 


384 
385 
386 
387 
388 
389 
390 
391 


392 
393 
394 


STYRENE 

cis+1-PROPENYL BENZENE 
trans-1-PROPENYL BENZENE 
2-PROPENYL BENZENE 
1-METHYL-2-ETHENYL BENZENE 
T*METHYL-3-ETHENYL BENZENE 
T-METHYL-4-ETHENYL BENZENE 
1-METHYL-4-(trans- 

1-n- PROPYL )BENZENE 
1-ETHYL-2-ETHENYL BENZENE 
T-ETHYL-3-ETHENYL BENZENE 
1-ETHYL-4-ETHENYL BENZENE 
2-PHENYL -1~BUTENE 


Phenyl benzenes, C12 to C14 


396 


BIPHENYL 

1-METHYL -2-PHENYLBENZENE 

1-METHYL-3-PHENYLBENZENE 

1-METHYL -4-PHENYLBENZENE 

1-ETHYL-4-PHENYLBENZENE 

1-METHYL-4(4-METHYLPHENYL )~ 
BENZENE 


Diphenylalkanes, C13 to C14 


402 DIPHENYLMETHANE 


TABLE 1C2.5 (Continued) 


aa 


C12H18 
C12H18 


C11H16 
C12H18 
C13H20 
C14H22 
CiSH24 
C16H26 
ci7H28 
C18H30 
CISH32 
C20H34 
C2136 
C22H38 


C8HE 

coH10 
COH1O 
C9H10 
COH10 
COH10 
C9H10 


CIOHi2 
C10H12 
c10H12 
ci0H12 
ctOHi2 


C12H10 
C13H12 
C13H#12 
ci3Hi2 
C14K14 


CI4H14 


Note: Footnote codes follow Table 1C4.12. 
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(Cal/om*3)“*% 


391.59 


-98.05 
-144.34 
- 183.26 
“216.45 
-245.08 
-270.01 
-291.95 
-311.39 
°328.74 
-344.32 
°358.36 
“371.12 


BEBE 
2RRR 


SARRUS 


VuvuVGIVVVVV VY 
AANAIKE 


e 
a 
o 


608.45 
441.29 
426.37 
430.37 P 
430.74 
420.19 
417.06 


346.69 
346.42 
279.07 
279.07 
3601.14 


1997 
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TABLE 1C2.5 (Continued) 


Coefficient a ASTM Octane Numbers Flammabilty Limits |Watson 
: i K Factor 
Motor Method Research Method Volume Percent in 
a 
11.1 | 542 


san iey 0 ie 
SSSSSSssagas 
vv VU VV VV Ve V8 

eonis 


oooaooococoocoo 
Py 


Sessessaseyy 


oooodcoe 
VVVVVVVV VD VUY 


5 
5 
5 
4 
4 
4 
4. 
4 
4 
4 
4 
3 


0.900570 
0.000570 
0.000570 
0.600570 
0.000520 
0.000460 
0.000520 


~AOwoOvwwo 


9.000510 
0.000510 
0.000560 
0.000560 
0.000560 


SaaRR 8ISI8SS 


eao0oo 


ny 


Phenyl benzenes, 


aaeas 


eo wOaoOOoUW 
a wv 
NI 
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Diphenylalkanes, C13 to C14 


1-DIPHENYLETHANE 
~DIPHENYLETHANE 
~DIPHENYLPROPANE 
2-DIPHENYLPROPANE 
-DIPHENYLBUTANE 
~DIPHENYLPENTANE 
-D1PHENYLHEXANE 
-DIPHENYLHEPTANE 
~DIPHENYLOCTANE 
-DIPHENYLNONANE 
-DIPHENYLDECANE 
-DIPHENYLUNDECANE 
-DIPHENYLDOOECANE 
-DIPHENYLTRIDECANE 
1-DIPHENYLTETRADECANE 
1-DIPHENYLPENTADECANE 
1-DIPHENYLHEXADECANE 


2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


1, 
1, 
1, 
1, 
1, 
1, 
1, 
1, 
1, 
i, 
1, 
1, 
1, 
i, 
1, 
1, 
1, 


Diphenylalkenes, C14H12 

420 cis-1,2-DIPHENYLETHENE 
421 trans-1,2-DIPHENYLETHENE 
Phenylalkynes, C8 and Ci4 
422. PHENYLACETYLENE 

423 DIPHENYLACETYLENE 
Diphenylbenzenes, C8H14 

424 1,2-DIPHENYLBENZENE 


425 1,3-DIPHENYLBENZENE 
426 1,4-DIPHENYLBENZENE 


TDB CHAPTER 1-ENGL 15597 MM 0737290 OSbb70b 2TO 


TABLE 1C2.5 (Continued) 


Search |Solubility 
Number |Parameter 
(Cal /em*3)*% 


Formula 


CI4H16 
CI6H1G 
CiISH16 
CISH16 
C16H18 
c17H20 
CiBH22 
CIS9H24 
C20H26 
C2tHes 
C22u30 
C23H32 
C24H34 
C25H36 
C26H38 
C27H40 
C28H42 


C8H6 
C14H10 


C18H14 
Ci8H14 
C18H14 


Note: Footnote codes follow Table 14.12. 
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Flash 
Point 
Temp- 
erature 


deg F 


Ideal Gas |Heat of 
Gibbs Free|Fusion at 


Formation |Btu/ib 


249.53 
292.73 


87.80 


. 1377.73 
269.33 P 


1037.51 P} 1229.68 


1997 
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102.5 
TABLE 1C2.5 (Continued) 
Coefficient ASTM Octane Numbers Flammabilty Limits 
Research Method Volume Percent in 
0 908 Air Mixture 
0.60 P P 9.9 
0.60 P P 10.4 
0.58 Pp P 10.1 
0.58 P P 10.2 
0.54 P Pp 10.3 
0.50 P p 10.5 
O.47 P P 10.6 
0.44 P P 10.8 
0.42 P P 10.9 
0.40 P P 101 
0.38 Pp Pp 
0.34 P Pi] 44.4 
0.34 P P 
0.3% P Pp 
0.34 P P 
0.34 P P 
Diphenylalkenes, 
1997 1-117 
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TABLE 1C2.6 


CONDENSED RING AROMATICS AND DERIVATIVES: SECONDARY PROPERTIES 


Note: Footnote codes follow Table 1C4.12. 


1-118 


Alkylnaphthalenes, C10 to C20 


Tetrahydronaphthalenes, C10 to C20 


NAPHTHALENE 
1-METHYLNAPHTHALENE 
2-WETHYLNAPHTHALENE 
1-ETHYLNAPHTHALENE 
2-ETHYLNAPHTHALEWE 

1, 2-DIMETHYLNAPHTHALENE 
1,4-DIMETHYLNAPHTHALENE 
2, 6-DIMETHYLNAPHTHALENE 
2,7-DIMETHYLNAPHTHALENE 
1-n-PROPYLNAPHTHALENE 
2-m-PROPYLNAPHTHALENE 
1-n-BUTYLNAPHTHALENE 
2-n-BUTYLNAPHTHALENE 
1-n-PENTYLNAPHTHALENE 
1-n- HEXYLNAPHTHALENE 
2-m-HEXYLNAPHTHALENE 
1-+n-HEPTYLNAPHTHALENE 
1-n-OCTYLNAPHTHALENE 
1-n-WONYLNAPHTHALENE 
2-n- NONYLNAPHTHALENE 
1-m-DECYLNAPHTHALENE 


1,2,3,6-TETRAHYDRO- 
NAPHTHALENE 
4-METHYL= (1,2,3,4-TETRA- 
HYDRONAPHTHALENE) 
1-ETHYL-(1,2,3,4-TETRA- 
HYDROWAPHTHALENE) 
2,2-DIMETHYL-{1,2,3,4-TETRA- 
HYDRONAPHTHALENE} 
2,6-DIMETHYL-{1,2,3,4-TETRA- 
HYDRONAPHTHALENE} 
6,7-DIMETHYL- (1,2,3,4-TETRA- 
HYORGNAPHTHALENE]) 
1-n-PROPYL- (1,2,3,4-TETRA- 
HYDRONAPHTHALENE) 
6-n-PROPYL-[1,2,3,4°TETRA- 
HYDRONAPHTHALENE) 
1-n-BUTYL- [1,2,3,4-TETRA- 
HYDRONAPHTHALENE) 
6-n-BUTYL- [1,2,3,46-TETRA- 
HYDROMAPHTHALENE} 
T-n-PENTYL- [1,2,3,4-TETRA- 
WYDRONAPHTHALENE) 
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Ci0H8 

Ct1H10 
C11H10 
ci2Ht2 
cient2 
ci2Hi2 
Ci2nt2 
Ci2H12 
C12H12 
CI3SH14 
CI3SH14 
Ci4H16 
C14H16 
CISH18 
C16H20 
C16H20 
ci7H22 
C18H24 
CISH26 
CISH26 
c20H28 


c10H12 
C11Hts 
Ci2H16 
12416 
c12H16 
C12H16 
c13H18 
ci3H18 
ci4H20 
ct4H20 
c15H2z 


Search {Solubility 
Number {Parameter 
(Cal /em*3)~% 


Ideal Gas |Heat of 
Gibbs Free|Fusion at 


0 vOvuv WV 


P 
P 
P 
P 
P 
P 
P 
P 
P 


86.54 
-108.25 
-43..44 
-102.59 
-48.83 
+125 ..26 
- 186.81 


1997 


Information Handling Services, 


2000 


1C2.6 
TABLE 1C2.6 (Continued) 
Coefficient ASTM Octane Numbers 
Aniline 

Motor Method Research Method Volume Percent in 

0 357 Air Mixture 
0.88 5.90 9.3 
0.B0 P 5.30 P 9.5 
0.80 P 5.30 P 9.7 
0.70 P §.20 P 9.7 
0.70 P 5.20 P 9.9 
0.74 P 8.68 P 9.8 
0.74 P 8.68 P 9.9 
0.70 P 5.00 P ae 
0.70 P 5.00 P aay 
6.70 P 5.10 P 0.0 
0.67 P 8.06 P 0.3 
0.60 P 5.10 P 0.2 
0.62 P 8.0S P 0.2 
0.57 Pp 8.09 P 0.6 
0.50 P 5.10 P 0.7 
0.53 P 8.56 P 0.8 
0.49 P 8.77 P a 
0.46 P 9.45 P 
0.40 P 5.10 P 
0.44 P 10.62 P 
0.40 P 5.10 P 

1997 1-119 
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Tetrahydronaphthalenes, C10 to C20 


6-n-PENTYL-(1,2,3,4-TETRA- 
HYDRONAPHTHALENE] 
T-n-HEXYL- [1,2,3,4-TETR- 
HYDRONAPHTHALENE) 
I-n-HEPTYL- [1,2,3,4-TETRA- 
NYDRONAPHTHALENE) 
4-n-OCTYL- [1,2,3,4-TETRA- 
RKYDRONAPHTHALENE) 
1-n-NONYL-[1,2,3,4-TETRA- 
HYDRONAPHTHALENE) 
1-n-DECYL-[1,2,3,4-TETRA- 
HYDROWAPHTHALENE) 


Indenes, C9 to C10 


463 INDERE 
464 1-METHYLINDENE 
465 2-METHYLINDENE 


Dihydroindenes, C9 to C10 


466 2,3-DIHYDROINDENE 

467 1-METHYL~2,3-DIHYDROINDENE 
468 2-METHYL-2,3-DIHYDROINDENE 
469 4-METHYL-2,3-DIHYDROINDENE 
470 5-METHYL-2,3-DIHKYDROINDENE 


Condensed Ring Aromatics, 
Ci2 to C18 


471 ACENAPHTHALENE 
472. ACENAPHTHENE 
473 FLUORENE 

474 ANTHRACENE 
475 PHENANTHRENE 
476 PYRENE 

477 FLUORANTHENE 
478 CHRYSENE 

479 TRIPHENYLENE 
480 BENZANTHRACENE 
482 NAPHTHACENE 


TABLE 1C2.6 (Continued) 


CISH22 
CI6H24 
C17H26 
C18H28 
C19H30 
C20H32 


COHS 
C10H10 
C10H10 


Contd 

C10H12 
C10H12 
c10H12 
c10H12 


C12K8 

C12H10 
C13H10 
C14H10 
C14H10 
C16H10 
C16H10 
C18H12 
CI8Hi2 
CtBHIT2 
ciBHi2 


Note: Footnote codes follow Table 1C4.12. 
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Search 
Number 


g#aegad 3 


Solubility 
Parameter 
(Cal/cm*3)~% 


Flash 
Point 
Temp- 
erature 


deg F 


533.90 


1997 
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1997 
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TABLE 1C2.6 (Continued) 


Coefficient ASTM Octane Numbers Flammabilty Limits 


Motor Method See Method Volume Percent in 
0 357 Air Mixture 


0.000500 
0.000240 
0.000370 R 


0.000420 
0.000240 
0.000530 
0.000490 
0.000530 


Condensed Ring Aromatics, 
C12 to ci8 


’ 


: Beeysyee 


ooooo0cocao 
’ 


2000 143323233 


TDB CHAPTER 1-ENGL 1997 Mf 0732290 O5bb?711 bbe 


102.6 
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103.1-103.3 


TABLES 1C3.1-103.3 


ACIDS, ALCOHOLS AND PHENOLS, AND ALDEHYDES: 


Table 1C3.1 Acids 


700 FORMIC ACID 

701 ACETIC ACID 

702 PROPIONIC ACID 

703 m-BUTYRIC ACID 

704 2-METHYLPROPIONIC ACID 
705 m-PENTANOIC ACID 

706 2-METHYLBUTYRIC ACID 
707 3-METHYLBUTYRIC ACID 
708 m-HEXANOIC ACID 


PRIMARY PROPERTIES 


Freezing 
Point in Tenp- 
erature 


Boiling 
Point at 
1 atm air at 


deg F 1 atm deg F 
deg F 


ABSSSERSS 
AWNARUSIRA 


Table 1C3.2 Alcohols and Phenols 


METHANOL 

ETHANOL 

N-PROPANOL 
ISOPROPANOL 

n- BUTANOL 
TSOBUTANOL 

sec- BUTANOL 
tert-BUTANOL 
1-PENTANOL 
2-PENTANOL 
2-METHYL~1-BUTANOL 
2-METHYL-2-BUTANOL 
3-METHYL-2-BUTANOL 
2,2-DIMETHYL- 1-PROPANOL 
4-METHYL-2-PENTANOL 
PHEROL 

o-CRESOL 

m-CRESOL 

p-CRESOL 


Table 1C33 Aldehydes 


FORMALDEHYDE 
ACETALDEHYDE 

f- PROP IONALDEHYDE 
n- BUTYRALDEHYOE 


ACROLEIN 
trans~CROTONALDEHYDE 
METHACROLEIN 


Note: Footnote codes follow Table 1C4.12. 


1-122 


463.08 
465.39 
506.53 
455.27 
553.82 
526.33 
$05.22 
451.51 
595.40 
549.05 
$57.33 
518.99 
573.53 
530.33 
574.25 
789.98 
795 92 
810.86 
808.70 


= 
Baa 


JIRAURYE 
23a: 


PY 
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Critical 


Pressure 
psia 


1174.39 
891.71 
730.58 
690.68 
641.51 
623.67 
606.12 
576.24 
562.76 
538.10 
562.76 
538.10 
574.36 
562.76 
503.29 
889.10 
726.65 
661.38 
746.96 


955.81 
804.97 
713.60 
626.57 
725.20 
616.42 
616.42 


Information Handling Services, 


Constants 


Volume 
eu ft 
per lb 


0.0590 
0.0581 
0.0584 
0.0586 
0.0594 
0.0590 
0.0581 
0.0594 
0.0592 
0.0594 
0.0594 
0.0594 
0.0594 
0.0594 
0.0596 
0.0390 
0.0418 
0.04662 
0.0410 


Factor 


0.2240 
0.2400 
0.2540 
0.2480 
0.2600 
0.2580 
0.2520 
0.2600 
- 0.2600 
0.2600 
0.2700 
0.2680 
0.2710 
0.2770 
0.2760 
0.2430 
0.2440 
0.2420 
0.2440 


0.5640 
0.6452 
0.6218 
0.6677 
0.5935 
0.5848 
0.5722 
0.6115 
0.5938 
0.5625 
0.6784 
0.4795 
0.3510 
0.6036 
0.5730 
0.4435 
0.4339 
0.4480 
90.5072 


0.2818 
0.2907 
0.2559 
0.2774 
0.3198 
0.3382 
0.2656 


1997 


2000 


STD-API/PETRO TDB CHAPTER L-ENGL 


L949? MM O?32290 OSbb719 4a0 =i 


TABLES 1C3.1-1C3.3 (Continued) 


Vapor Heat Capacit 


Y 


103.1-1C3.3 


Kinematic Viscosity} Heat of Wet Heat 


Pressure | at 50 F and Comstant| of the Liquid 
at 100 F j Pressure 
psia Btu/ib deg F 


centistoke 


Vaporiz- | of Com 
ation at | bustion 
Normal of Liquid 
Boiling at 77 F 


at 210 Fi Point Btu/lb 


Btu/lb 


Liquid at 
1 atm 


Table 1C3.1 Acids 


1,2263 1.36930 0.2332 
1.0537 1.36980 0.2472 
0.9986 1.38430 0.2816 
0.9606 1.39580 wre 
0.9535 1.39080 akaie 
0.9416 1.40600 0.3145 
0.9410 1.40510 
0.9352 1.40220 
0.9281 1.41480 


ese 
eee 


Table 1C3.2 Alcohols and Phenols 


0.7993 
0.7950 
0.8092 
0.7909 
0.8142 
0.8063 
0.8157 
0.7945 
0.8203 
0.8132 
0.8223 
0.8140 
0.8232 


3 


1.32652 6.6249 0.3236 
1.35961 2.3257 0.3297 
1.38370 0.8819 0.3309 
1.37520 1.8372 0.3472 
1.39710 0.3183 0.3380 
1.39380 0.4865 0.3443 
1.39690 0.8020 0.3570 
1.38520 1.7748 0.3561 
1.40800 0.1221 0.3437 
1.40440 0.2892 eee 
1.40860 0.1620 eee 
1.40240 0.7242 eee 
1.40750 0.4297 aa 
1.39150 vee eee 
1.40900 0.2306 ase 
1.54960 0.0252 0.2568 
1.54420 0.0159 0.2726 
1.53960 0.0076 0.2651 
1.53910 0.0064 0.2671 


eens 
ae 
No 


0.8122 


= 


DSR: 


1.0488 
1.0380 


om fey BHR BRAKARABROO 
: t BeRSSReNee 


+ & 


Table 1C3.3 Aldehydes 


see = 1110.1550 0.2792 
1.32830 25.9508 0.2941 
1.35930 10.1731 0.3268 
1.37660 3.8056 0.3363 
1.40170 8.6991 0.2963 
1.43470 1.2226 0.3128 
1.40980 4.9872 


0.5903 
0.5458 


0.5291 
0.5017 
0.4902 
0.6214 


0.5900 
1.0995 
1.8500 
1.8711 
2.3348 
2.8700 
2.5100 
3.9789 
3.0665 
2.7699 
3.3927 
2.7186 
2.6798 


3.1237 
4.0858 
6.8396 
6.9781 


0.3616 
0.4691 
0.3621 
0.4534 
0.4723 


0.3269 
0.4579 
0.6152 
0.7417 
0.7527 
0.5856 
0.5472 
0.8838 
0.6351 
0.8320 
0.6229 
0.6101 
1.0707 
0.6972 
1.1118 
1.0367 
1.2204 
1.3358 


0.3702 


0.3053 


1997 
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737 
758 
759 
760 
761 
762 


Note: 


1-124 


AMINES, OTHER NITROGEN CONTAINING COMPOUNDS, AND ESTERS 


Table 1C3.4 Amines 


METHYLAMINE 
ETHYLAMINE 

f= PROPYLAMINE 
ISOPROPYLAMINE 
M-BUTYLAMINE 
TSOBUTYLAMINE 
S@c-BUTYLAMINE 
tert-BUTYLAMINE 


TABLES 1(C3.4-1C3.6 


PRIMARY PROPERTIES 


Boiling 
Point at 
1 atm 
deg F 


Freezing 
Point in 
air st 
1 atm 
deg F 


Table 1€3.5 Other Nitrogen Containing Compounds 


UREA 
ACETONITRILE 
MORPHOL INE 
PYRIDINE 
ANILINE 

INDOLE 

QUINOL INE 
TSOQUI NOL INE 
OIBENZOPYRROLE 


ACRIDINE CISHON 


Table 1C3.6 Esters 


METHYL FORMATE 
METHYL ACETATE 
ETHYL FORMATE 
ETHYL ACETATE 
n-PROPYL FORMATE 
VINYL ACETATE 
METHYL n-BUTYRATE 
M-PROPYL ACETATE 
ISOPROPYL ACETATE 
n-BUTYL ACETATE 
N-PENTYL ACETATE 


c2H402 
C3H602 
c3x602 
C4HBO2 
c4ubO2 
C4né02 
CSH1002 
CSH1002 
C5x1002 
C6H1202 
C7H1402 


Footnote codes follow Table 1C4.12. 
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-146.20 
°144.40 
-111.28 
118.39 
-135.22 


°135.04 
°122.44 
-139.00 
-100.12 
-100.30 
-F 46 


Criticsat Constants 


Pressure 
psia 


Texp- 
erature 


deg F 


809.33 
522.23 
652.73 
656.24 
798 .S3 
962.33 
948.20 
986.00 
1158.53 
1169.33 


1312.61 
700.54 
774.51 
816.58 
770.46 
623.67 
675 .B9 
722.30 
472.83 
527.95 


870.24 
688.94 
687.49 
562.76 
583.06 
574.07 
503.72 
487.33 
477.18 
451.07 
401.76 


Information Handling Services, 


oooooo0co0o 


0.0459 
0.0493 
0.0495 
0.0520 
0.0518 


29999999 
4 uw 
BEEESS EE 


3 


0.2550 
0.2570 
0.2570 
0.2550 
0.2560 
0.2480 
0.2560 
0.2540 
0.2500 
0.2510 
0.2450 


1997 


2000 


STD-API/PETRO TDB CHAPTER 1-ENGL 1997 O?32290 OSbkb? 


TABLES 1C3.4-1C3.6 (Continued) 


Liquid {Refractive| Vapor Heat Capacit 
Density! Index of 


Pressure 
Btu/lb deg F 


Y 


15 2O3 


103.4-103.6 


Kinematic Viscosity| Heat of Wet Heat 
at 60 F and Constant| of the Liquid 


centistoke 


Vapor iz- 
ation at 
Normal 
Boiling 
Point 
Btu/lb 


Table 1C3.4 Amines 


1.2313 
0.7874 
1.0055 
0.9886 
1.02469 
71.1101 
1.0975 


1997 


1.34910 
1.36270 
1.38510 
1.37058 
1.39870 
1.39450 
1.39070 
1.37610 


1. 
1. 
1. 
1. 
1. 
1. 
1. 


1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1 
1. 


34160 
45212 
50745 
58364 
63000 
62480 
62080 


34150 
35890 
35750 
37040 
37500 
39340 
38470 
38280 
37500 
39180 
40080 
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0.4797 
0.5278 
0.4759 
0.3949 
0.4897 
0.3595 


0.4633 
0.4208 
0.6637 
0.6357 
0.5804 
0.5611 


0.3981 
1.5816 
0.7618 
2.5229 
5.0143 
2.2750 
2.5155 


0.3032 
0.3510 
0.3718 
0.4269 
0.4778 
0.3906 
0.5291 
0.5518 
0.5399 
0.6674 
0.8222 


0.2226 
0.2580 
0.2956 
0.3222 
0.3180 
0.3871 
0.4263 


316.24 
187.79 
191.78 
204.29 
183.12 
157.40 
157.70 
151.38 
137.98 


1-125 
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103.7—1C3.8 


TABLES 1(C3.7-1C3.8 
ETHERS AND GASES: 
PRIMARY PROPERTIES 


Boiling Freezing 


Point at | Point in Temp- Pressure | Volume 
1 atm air at erature psia cu ft 


deg F 1 atm deg F per tb 
deg F 


Table 1C3.7 Ethers 


763 DIMETHYL ETHER 0.2744 
764 METHYL ETHYL ETHER 0.2670 
765 DIETHYL ETHER 0.2630 
766 METHYL-tert-BUTYL ETHER 0.2730 
767 METHYL-tert-AMYL ETHER 0.2640 
855 DIISOPROPYLETHER 0.2670 
893 TERT-BUTYL ETHYL ETHER 0.2720 
768 TETRAHYDROFURAN 0.2590 
769 DIBENZOFURAN 0.2450 


Table 1C3.8 Gases 


AIR 547.38 | 0.0506 0.3130 | 0.0074 
AMMON TA 1636.05 0.0682 0.2620 | 0.2526 
ARGON 710.41 0.0299 0.2910 Mia 
BROMINE 1493.91 0.0135 0.2860 | 0.1290 
CARBON MONOXIDE 507.50 | 0.0540 0.2990 | 0.0482 
CARBON DIOXIDE 1070.83 | 0.0342 0.2740 | 0.2236 
CARBONYL SULFIDE 920.86 | 0.0360 0.2720 | 0.0970 
CHLORINE 1118.26 | 0.0280 0.2760 | 0.0688 
FLUORINE 750.21 0.0281 -0.2870 | 0.0530 
HELIUM-3 16.97 | 0.3851 0.3080 |-0.4715 
HELIUM-6 33.00 0.2293 0.3020 |/-0.3900 
781 HYDROGEN 190.44 0.5097 0.3050 |-0.2160 
782 HYDROGEN BROMIDE 1240.38 | 0.0198 0.2830 | 0.0734 
783 HYDROGEN CHLORIDE 1205.28 | 0.0356 0.2490 | 0.1315 
784 HYDROGEN CYANIDE 781.77 | 0.0824 0.1970 | 0.4099 
785 HYDROGEN FLUORIDE 939.86 | 0.0552 0.1170 | 0.3823 
786 HYDROGEN SULFIDE 1299.98 | 0.0463 0.2840 | 0.0942 
787 KRYPTON 798.00 | 0.0174 0.2880 | 0.0013 
788 NEON 384.79 | 0.0331 0.3000 |-0.0398 
789 NITROGEN A 493.14 | 0.0510 0.2890 | 0.0377 
790 WITRIC OXIDE 939.86 | 0.0310 0.2510 | 0.5829 
791 NITROUS OXIDE 1050.81 0.0354 0.2740 | 0.1409 
792 NITROGEN DIOXIDE 1469.62 | 0.0287 0.2330 | 0.8511 
793 NITROGEN TETROXIDE 1469.62 | 0.0144 S} 0.2330 | 1.0074 
794 OXYGEN 731.44 0.0367 0.2880 | 0.0222 
795 OZONE 807.87 | 0.0297 0.2280 | 0.2119 
796 SULFUR DIOXIDE 1143.51 0.0305 0.2690 | 0.2456 
797 SULFUR TRIOXIDE 1190.78 | 0.0254 0.2550 | 0.4240 
798 XENON 847.09 | 0.0144 0.2860 oo 


eee 


Sa8B2GE 2838882 


. 


RUBYONYS pues 


Note: Footnote codes follow Table 1C4.12. 
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0.6719 
0.7053 
0.7196 
0.7459 
0.7752 
0.7311 
0.7656 
0.8908 


0.8748 
0.6165 


3.1398 
0.8172 


1.0310 
1.4236 


1,8065 
0.8474 
0.6943 
0.9661 
0.8012 


see 


0.8175 
1.4619 
1.4515 
1.1421 
1.39465 
1.9269 
1.4151 


1997 


1.29840 
1.34410 
1.34954 
1.36630 
1.38590 
1.36550 
1.37290 
1.40496 
1.64800 


1.00102 
1.32500 
1.00026 
1.64800 
1.00031 
1.00041 
1.37850 
1.37860 
1.20000 
1.00002 
1.00003 
1.00013 
1.00056 
1.32870 
1.25960 
1.15760 
1.00585 
1.00039 
1.00006 
1.20530 
1.33050 
1.19300 
1.40000 
1.40000 
1.22100 
1.35700 
1.40520 
1.00064 


TABLES 1C3.7-1C3.8 (Continued) 


20.4803 


87.7647 
10.4218 


Heat Capacity 


Pressure 


Btu/lb deg F 


Liquid at 
1 atm 


0.3341 
0.3580 
0.3677 
0.3383 


0.2438 
0.2141 


0.2391 
0.4950 
0.1243 
0.0538 
0.2484 
0.1994 
0.1634 
0.1140 
0.1957 
1.6461 
1.2404 
3.4021 
0.0860 
0.1909 
0.3129 
0.3478 
0.2388 
0.0592 
0.2460 
0.2483 
0.2384 
0.2075 
0.1905 
0.2069 
0.2187 
0.1935 
0.1475 
0.1490 
0.0378 
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0.5943 
0.5557 
0.4998 
0.4867 
0.4988 
0.4906 
0.4028 


1.1027 
0.1144 


0.8699 
0.3216 


0.1802 
0.6252 
0.6043 
0.5063 


0.7315 
0.3658 


0.3259 


1C3.7-1C3.8 


Kinematic Viscosity] Heat of Net Heat {| Liquid 
st 60 F and Constant! of the Liquid 


centistoke 


0.1990 
0.2815 
0.0917 
0.1447 
0.2624 


0.1886 
0.2635 


Vaporiz- | of Com- Surface 
ation at | bustion Tension 
Normal of Liquid| at 77 F 
Boiling at 77 F Gyne/cm 
Point Btu/lb 

Btu/tb 


33 


Paves saI{aIzII 
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799 CKLOROTRI FLUOROMETHANE 
BOO DICHLOROO! FLUOROMETHANE 
BOT TRICHLOROFLUOROMETHANE 
802 CARBON TETRACHLORIDE 
B03 CARBON TETRAELUORIDE 
B04 CHLORODI FLUOROME THANE 
805 DICHLOROFLUOROME THANE 
806 CHLOROFORM 

807 TRIFLUOROMETHANE 

808 DICHLOROMETHANE 

809 METHYL CHLORIDE 

810 METHYL FLUORIDE 

811 VINYL CHLORIDE 

812 1,1,1-TRICHLORDETHANE 
813 1,1,2-TRICHLORDE THANE 
814 1,1, 1-TRIFLUOROETHANE 
815 1, 1-DICHLOROETHANE 
816 1,2-DICHLOROETHANE 
817 1,1-DIFLUOROETHANE 
818 ETHYL CHLORIDE 

819 ETHYL FLUORIDE 

820 1,2-DICHLOROPROPANE 


cclr3 
Ccl2F2 
CCL3F 
ccl4 
CFS 
CHCLF2 
CHCL2F 
CHCL3 
CHF3 
cHecle 
CH3CL 
CH3F 
C2H3CL 
c2H3cl3 
C2H3C13 
C2H3F3 
c2néct2 
cen4cl2 
C2H4F2 
C2HScl 
C2HSF 
C3H6CL2 


Table 1C3.10 Ketones 


ACETONE 
METHYL ETHYL KETONE 
OIETHYL KETONE 


METHYL-n-PROPYL KETONE 
METHYL-n-BUTYL KETONE 
METHYL ISOBUTYL KETONE 


Note: Footnote codes follow Table 1C4.12. 
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C3H6O 
C4H80 
C5100 
CSH100 
C6H120 
C6H120 


TABLES 1(C3.9-1C3.10 
HALOGENATED COMPOUNDS AND KETONES: 
PRIMARY PROPERTIES 


Boi ting 
Point at 
1 atm 
deg F 
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Freezing 
Point in 
air at 
1 atm 


deg F 


-293.80 
~252.40 
=168.00 

-9.08 
298.46 
-251.36 
°211.00 
-82.34 
-247.32 
-139.25 
“143.86 
-223.24 
- 244.82 
-22.09 
-33.97 
*168.39 
+142.53 
-32.19 
- 178.60 
°213.52 
7225.76 
-148.79 


-138.46 
-124 04 
-38.15 
- 106.35 
68.46 
-119.20 


Critical Constants 


Pressure | Volume 
ecu ft 


per lb 


Terp- 
erature 
deg F 


psis 


0.0276 
0.0287 
0.0289 
0.0287 
0.0255 
0.0308 
0.0305 
0.0321 
0.0304 
0.0349 
0.0454 
0.0532 
0.0459 
0.0337 
0.0337 
0.0370 
0.0388 
0.0356 
0.0434 
0.04697 
0.0547 
0.0413 


0.0576 
0.0593 
0.0625 
0.0560 
0.0590 
0.0590 


Information Handling Services, 


Compress- 
ibility 
Factor 


0.2780 
0.2800 
0.2790 
0.2720 
0.2770 
0.2690 
0.2710 
0.2930 
0.2600 
0.2650 
0.2760 
0.2520 
0.2830 
0.2670 
0.2520 
0.2530 
0.2800 
0.2530 
0.2520 
0.2750 
0.2640 
0.2590 


0.2330 
0.2490 
0.2690 
0.2380 
0.2510 
0.2540 


1997 


2000 


0.9794 
1.3440 
1.5017 
1.6022 
1.2286 
1.3921 
1.5017 
0.8886 
1.3374 
0.9332 
0.6190 
0.9199 
1.3464 
1.4513 
0.9915 
1.1838 
1.2616 
0.9218 
0.9037 
0.7308 
1.1638 


0.7980 
0.8105 
0.8196 


0.8130 
0.8162 
0.8054 


1997 


Liquid [Refractive 
Density} Index of 
at 60 Fithe Liquid 


1.19900 
1.28500 
1.37940 
1.45730 
1.15100 
1.25600 
1.35400 
1.44310 
1.21500 
1.42120 
1.33620 
1.17400 
1.36600 
1.43130 
1.46890 
1.20600 
1.61380 
1.44210 
1.24340 
1.36520 
1.26210 
1.43680 


Ketones 


1.35596 
1.37640 
1.39002 
1.38800 
1.39870 
1.39330 


TABLES 1(C3.9-1C3.10 (Continued) 


131.8160 
23.5675 
3.7788 
209.5430 
40.1098 
6.4028 
13.7600 
118.4880 
740.6260 
82.6780 
4.1215 
0.8518 


Heat Capacity 
at 60 F and Constant 
Pressure 

Btu/lb deg F 


Ideal Gas| Liquid at 
1 atm 


0.1503 
0.1408 
0.1339 
0.1279 
0.1625 
0.1558 
0.1401 
0.1297 
0.1717 
0.1417 
0.1891 
0.2594 
0.2012 
0.1621 
0.2178 
0.1798 
0.1836 
0.2416 
0.2257 
0.2873 
0.2037 
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0.2283 
0.2091 
0.2044 
0.2904 
0.2497 
0.2258 
0.3621 
0.2816 
0.3778 
0.3167 
0.2564 
0.2674 
0.3034 
0.3097 
0.3068 
0.3870 


0.3270 


103.9+-1C3.10 


Kinematic Viscosity! Heat of Wet Heat | Liquid 
of the Liquid 


centistoke 


een 


0.1593 
0.2650 
0.4879 
0.1480 
0.2186 
0.3268 
0.2851 
0.1734 
0.1771 
0.5120 
0.6217 
0.1174 
0.3561 
0.5429 
0.1688 
0.2662 


0.5660 


0.1083 
0.1938 
0.2688 


0.1687 


0.2060 
0.1225 
0.1318 
0.2965 
0.3350 
0.2981 
0.2070 


Surface 
Tension 
at 77 F 


dyne/cm 
Btu/tb 


Rie, Reo 
BRA 


a) Num 
MAVINOAN 
. 


ATG in! 
VASRSERRBS 
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103.11-103.12 


Table 1C3.11 Sulfur Containing Componds 


827 CARBON DISULFIDE 

828 METHYL MERCAPTAN 

829 2,3-DITHIABUTANE 

830 DIMETHYL SULFIDE 

831 ETHYL MERCAPTAN 

832 2-THIABUTANE 

833 1-PROPANETHIOL 

834 n-BUTANETHIOL 

835 tert-BUTANETHIOL 

836 2-BUTANETHIOL 

837 2-METHYL-1-PROPANETHIOL 

838 3-THIAPENTANE 
2-THIAHEXANE 

840 3-THIAHEXANE 

841 1-PENTANETHIOL 

842 2-THIAHEPTANE 

843 1-HEXANETHIOL 

844 1-HEPTANETHIOL 

B91 THIOPHENE 

892 TETRAHYDROTH IOPHENE 


Table 1C3.12 Miscellaneous 


WATER 

SULFURIC ACID 

SODIUM HYDROXIDE 
PROPYLENE CARBONATE 
FURFURAL 
1,2-PROPYLENE GLYCOL 
OIETHYLENE GLYCOL 
TETRAETHYLENE GLYCOL 
MONOE THANOLAMINE 
DTETHANOLAMI NE 
DIGLYCOLAMINE 

METHYL OIETHANOLAMINE 
TRIETHANOLAMINE 

DI ISOPROPANOLAM! NE 
N,N-DIMETHYL FORMAMIDE 
W-METHYL-2-PYRROL IDONE 
DIMETHYL SUL FOXIDE 
SULFOLANE 

SELEXOL 


Note: Footnote codes follow Table 14.12. 
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CSH12S 
CSH12s 
CSH12s 
CéH148 
C6H14S 
C7H16S 
C4HéS 

C4H8S 


H20 
H2S04 
NadH 
C3H6COS 
C5SH402 
C3H802 
C4H1003 
C8H1805 
C2H7NO 
C4H11NO2 
C4H11N02 
CSH13NO2 
C6H15NO3 
C6H15NO2 
C3H7NO 
CSHONO 
C2H60S 
C4H8O2S 


TABLES 1C3.11-1C3.12 | 
SULFUR CONTAINING COMPOUNDS AND MISCELLANEOUS: 
PRIMARY PROPERTIES 


Boiling 
Point at 
1 atm 
deg F 


115.21 

42.72 
229.55 

99.19 

95.01 
151.97 
153.90 
209.23 
147.60 
184.96 
191.28 
197.78 
254.17 
245.30 
259.95 
293.00 
306.79 
350.50 
183.49 
250.01 
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Freezing 
Point in 
air at 
1 atm 
deg F 


Temp- 
erature 


deg F 


705.16 
1203.53 
4616.33 

940.73 

746.60 

667.13 

880.61 

971.33 


Critical 


Pressure 
psia 


617.87 
671.54 
575.81 
588 .86 
588.86 
585.86 
574.62 
503.29 

5.08 
503.29 
449.62 
446.72 
401.76 
825.28 
768.41 


Information Handling Services, 


vvuVvuVVYVUY vvv 


vweUVY 


Constants 


Volume 
cu ft 
per lb 


0.0497 
0.0289 
0.0801 
0.0386 
0.0420 
0.0503 
0.0471 
0.0665 
0.0590 
0.0532 
0.0517 
0.0495 
0.0507 
0.0546 
0.0574 
0.0501 
0.0465 
0.0400 


VvuVvvT Te VU VP 
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Compress- 
ibility 
Factor 


0.2400 
0.2590 
0.2650 


0.2290 
0.1470 
0.2130 
0.2060 
0.2560 
0.2800 
0.2320 
0.2210 
0.2840 
0.2430 
0.3270 
0.2540 
0.2020 
0.2930 
0.2140 
0.2470 
0.2120 
0.2130 


0.1107 
0.1582 
0.2652 
0.1934 
0.1878 
0.2091 
0.2318 
0.2714 
0.1916 
0.2506 
0.2528 
0.2936 
0.3229 
0.3207 
0.3681 
0.4226 
0.1928 
0.1979 
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TABLES 1C3.11-1C3.12 (Continued) 


Liquid |Refractive! Vapor Heat Capacity Kinematic Viscosity] Heat of Net Heat Liquid 
Density; Index of Pressure | at 60 F and Constant} of the Liquid Vaporiz- | of Com- Surface 
at 60 Flthe Liquid] at 100 F | Pressure ation at | bustion Tension 


psia Btu/lb deg F centistoke Normal of Liquid] at 77 F 


Boiling at 77 F dyne/cm 
Liquid at at 210 Fi Point Btu/lb 
1 atm Btu/lb 


Table 1C3.11 Sulfur Containing Compounds 


1.2715 1.62409 11.0525 0.1421 0.2387 0.2617 
0.8757 Sere 43.7524 0.2455 0.4451 ane 
1.0685 1.52297 1.0429 0.2350 0.3682 0.4689 
0.8540 1.43228 14.9267 0.2795 0.4503 
0.8446 1.42777 16.1813 0.2750 0.4487 one aed 
0.8478 1.43735 5.2644 0.2920 0.4487 0.3806 
0.8462 1.43533 5.0853 0.2913 0.4483 0.4134 eee 
0.8460 1.44033 1.6404 0.3061 0.4506 0.5053 0.3264 
0.8053 1.42006 5.8642 0.3132 0.4586 0.6235 
0.8342 1.43394 2.7455 0.3099 0.4487 0.5199 
0.8393 1.43600 2.3932 0.3076 0.4495 0.5092 
0.8421 1.44015 2.0398 0.3036 0.4488 0.4534 ates, 
0.8469 1.44524 0.5925 0.3132 0.4543, 0.5831 0.3554 

wisi 1.44350 Ser ce Hee. nee ais 
0.8462 1.44435 0.5267 0.3164 0.4562 0.6338 0.3908 

sie 1.44820 Seis eee eee sae ae 
0.8470 1.44728 0.1822 0.3235 0.4605 0.7321 0.4191 
0.8469 1.44981 0.0589 0.3296 0.4642 0.8846 0.4823 
1.0708 1.52572 2.7152 0.1993 0.3364 0.5097 0.3147 
1.0052 1.50213 0.6808 0.2382 0.3729 


wee one 


Table 1C3.12 Miscellaneous 


1.0000 . 1.33250 0.9507 0.4447 1.0021 0.7063 0.0003 
1.8393 fs 1.41828 0.0000 0.2019 sia 8.3397 sinus 
ane’, 3 1.43300 § So 0.2891 ares wae oar 
1.2097 . 1.41970 0.0025 eee eee 1.6309 0.8004 
1.1654 A 1.52345 0.0968 0.2386 0.3875 1.1465 0.7023 
4.0407 1.43160 0.0076 0.3134 T] 0.5857 20.0647 2.8072 
4.1218 1.44600 0.0004 0.2940 0.5426 16.0015 2.4314 
1.1316 : : 1.45700 0.0000 eee 0.5087 23.0195 eee 
1.0204 1.45210 0.0201 0.3265 T nee 12.2663 2.1931 
nee 1.47470 G.0000 eae se. (208.3160 9.3279 
1.0602 1.46100 0.0013 wee 0.5705 18.5357 2.1089 
1.0431 . 1.46850 0.0005 eee ates 45.5386 4.9058 
aes . 1.48350 0.0000 0.3135 T eee §=$219.8260 [11.2851 
ees 1.45950 scar ae sae 0.3952 nae 
0.9541 . 1.42690 0.1682 0.2977 0.4879 0.7534 0.4681 
1.0347 1.46900 0.0163 oe ayers 1.5556 0.7008 
mee . 1.47730 0.0275 0.2671 eee 1.4512 0.6797 
nae 1.48330 0.0003 wen are 6.6860 2.1623 


eee eae een eee eee aoe 
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TABLES 1C4.1-1C43 


| 


ACIDS, ALCOHOLS AND PHENOLS, AND ALDEHYDES: 


SECONDARY PROPERTIES 


Solubility 
Parameter 


(Cal/em*3)>*%! erature 


deg F 


Heat of 
Fusion at 


77 deg F 


Flammabilty Limits 


Volume Pecent 
in Air Mixture 
Btu/ lb 


700 FORMIC ACID 
701 ACETIC ACID 
7G2 PROPIONIC ACID 
703 n-BUTYRIC ACID 


Table 1C4.1 Acids 


704 2-METHYLPROPIONIC ACID 
705 m-PENTANOIC ACID 

706 2-METHYLBUTYRIC ACID 
707 3-METHYLBUTYRIC ACID 


708 n-HEXANOIC ACID 


-3536.53 
-3098.51 
-2631.95 
-2321.75 
- 2362.25 
- 2063 .08 
- 2096.34 
-2166.64 
~ 1894.64 


Table 1C4.2 Alcohols and Phenols 


709 METHANOL 
710 ETHANOL 
711 n-PROPANOL, 


712 ISOPROPANOL 


713 n-BUTANOL 
714 ISOBUTANOL 


715 sec-BUTANOL 
716 tert«BUTANOL 


717 1-PENTANOL 
718 2-PENTANOL 
719 2-METHYL-1-BUTANOL 

720 2-METHYL-2-BUTANOL 

721 3-METHYL-2-BUTANOL 

722 2,2-DIMETHYL-1-PROPANOL 
723 4-METHYL-2-PENTANOL 
724 PHENOL 
725 o-CRESOL 
726 m-CRESOL 
727 p-CRESOL 


728 FORMALDEHYDE 
729 ACETALDEHYDE 


CH4O 
C2H60 
C3H80 
C3u80 
c4H100 
C4H100 
C4100 
44160 
c58120 
cSki20 
C54120 
C5H120 
CSH120 
CSH120 
C6K140 
C6H6O 
C7H8O 
C7H8O 
C7H80 


Table 1C4.3 Aldehydes 


730 n-PROPIONALDEHYDE 


731 n-BUTYRALDEHYDE 


732 .ACROLEIN 
733 trans -CROTONALDEHYDE 
734 METHACROLEIN 


Note: Footnote codes follow Table 1C4.12. 
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-3278.72 
-2681.B5 
"2128.19 
-1756.68 
-1766.93 
-1454.81 
-1472.91 
+15446.89 
-1251.00 


“2177.95 
- 1566.43 
-1143.94 
-1241.02 
-871.78 
+898 .46 


T2 
1030.12 
“712.19 
776.95 
“715.54 
-805.73 
762.60 
-757.81 
-665 66 
- 149.09 
140.86 
-159.78 
125.87 


1469.07 
1298.97 
-922..34 
-693.43 
-435.57 
-251.49 
7354.54 


2a NNT 
SSSS8s3sa 


Pt at oh ne et we ot we I NNN 
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. 


. 
e 
vu 


NANODU OOD 
SSSsssss 


eoooo0ooo0coe0cosd 
vUvuVvV 


eos 
. 


so wi oo 


v 


1997 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER L-ENGL L939? MM 0732290 OSbb?723 Jat = 


104.4-104.6 


TABLES 1(C4.4-1C4.6 
AMINES, OTHER NITROGEN CONTAINING COMPOUNDS, AND ESTERS: 
SECONDARY PROPERTIES 


Solubility | Flash Ideal Gas Heat of Flammabilty Limits 
Parameter Point Heat of i Fusion at 


Temp- Formation 77 deg F | Volume Pecent 


(Cal/em*3)*%| erature et 77 F i in Air Mixture 


Btu/|b 
deg F Btu/lb 


Table 1C4.4 Amines 


METHYLAMINE 
ETHYLAMINE 
n-PROPYLAMINE 
TSOPROPYLAMINE 
n- BUTYLAMINE 
ITSOBUTYLAMI NE 
sec-BUTYLAMINE 
tert-BUTYLAMINE 


38838883 


aoe 
vv 


aw ee NN AR 


UREA CH4N20 : 1132.53 
ACETONITRILE C2H3N i 962.10 
MORPHOL INE C&HONO ‘ 78.96 
PYRIDINE CSHSN 7 1035.35 
ANILINE COHTN : 770.04 
INDOLE C8H7N 3 870.87 
QUINOLINE COHTN ‘ 976.96 
ISOQUINOL INE COHN 931.02 
DIBENZOPYRROLE C12HON 928.20 
ACRIDINE C13HON 962.19 


Table 1C4.6 Esters 


METHYL FORMATE C2H402 - -2522.91 “2111.97 
METHYL ACETATE C3H602 ‘ - 2390.52 - 1881.54 
ETHYL FORMATE C3H602 . +2253.55 - 1759.08 


ETHYL ACETATE C4HBO2 
M-PROPYL FORMATE C4K802 ~ 1988.96 - 1432.67 
VINYL ACETATE C4H6O2 “1572.59 - 1138.12 
METHYL n*BUTYRATE CS5H1002 - 1897.23 *1285.16 
n-PROPYL ACETATE C5#1002 -1956.58 -1348.73 
ISOPROPYL ACETATE cSutco2 -2027.72 -1404.74 
N-BUTYL ACETATE C6H1202 -1797.30 -1156.99 
N-PENTYL ACETATE C7H1402 -1669.36 P| -1002.28 


“2169.01 - 1600.53 


v 


ee es ee 
Vv 


“ 


ae A Na NNR 
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TABLES 1C4.7-1C4.8 
ETHERS AND GASES 
SECONDARY PROPERTIES 


Solubility Heat of Flammabilty Limits 
Parameter i i Fusion at 
77 deg F | Volume Pecent 


(Cal/em*3)“%} erature i in Air Mixture 
Btu/ Lb 
deg F 


Table 1C4.7 Ethers 


763 DIMETHYL ETHER 

764 METHYL ETHYL ETHER 

765 DIETHYL ETHER 

766 METHYL-tert-BUTYL ETHER 
767 METHYL-tert-AMYL ETHER 
865 DIISOPROPYLETHER 

893 TERT-SUTYL ETHYL ETHER 
768 TETRAHYDROFURAN 

769 DIBENZOFURAN 


+1462 ..24 
- 1382.71 
-1285 .03 
°1343.10 
> 1320.80 
- 1098.15 

213.18 


ON awn ah iW 


=38S833se 


BONNANNNNN 
SSUSSEESS 


Table 1C4.8 Gases 


770 AIR 
771 AMMONIA 
772 ARGON 
BROMINE 
774 CARBON MONOXIDE 
775 CARBON DIOXIDE 
776 CARBONYL SULFIDE 
CHLORINE 
FLUORINE 
HELIUM-3 
HELIUM-4 
781 HYDROGEN 
782 HYDROGEN BROMIDE 
783 HYDROGEN CHLORIDE 
784 HYDROGEN CYANIDE 
785 HYDROGEN FLUORIDE 
HYDROGEN SULFIDE 
787 KRYPTON 
788 NEON 
789 NITROGEN 
790 NITRIC OXIDE 
791 NITROUS OXIDE 
792 NITROGEN DIOXIDE 
793 WITROGEN TETROXIDE 
794 OXYGEN 
795 OZONE 
796 SULFUR DIOXIDE 
797 SULFUR TRIOXIDE 
798 XENON 


0.00 0.00 
-1158.67 -414.01 
0.00 0.00 
&.16 8.45 
-1696.52 -2105.11 
~3844.18 +3852 .58 
-1016.21 -1210.86 
0.00 0.00 
0.00 0.00 


- 


vB BtsoeSsalsku wRURSBAS 
SS: BYRSSZGSRASY: ASUSBSENS 


oe ew ae 
er ewe 


0.00 0.00 
0.00 0.00 

- 192.83 -283.43 
+ 1088.49 °1123.76 
2149.88 1984 15 
-5873.14 -5918.27 
-260.24 -421.83 
0.00 0.00 


ee 
eee 


* 
e 


2 od od 
or 6 
ee 8 


0.00 0.00 
1293.11 1240.38 
801.49 1017.46 
310.07 479.67 
42.42 456.59 
0.00 0.00 
1277.93 1461.49 
-1992.05 °2014.06 
- 2124.94 ~1991.93 
0.00 0.00 


_ 


ry 
a 


. 


— 


oe 8 
oe 


_ 
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Note: Footnote codes follow Table 1C4.12. 
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TABLES 1C4.9-1C4.10 
HALOGENATED COMPOUNDS AND KETONES: 
SECONDARY PROPERTIES 


Solubility | Flash Flammabilty Limits 
Parameter Point 


Temp- Formation Volume Pecent 


(Cal/em*3)*%| erature st 77 F i in Air Mixture 


deg F Btu/Ib 


Table 1C4.9 Halogenated Compounds 


799 CHLOROTRIFLUOROME THANE cclr3 
DICHLORODIFLUOROMETHANE | CCL2F2 
TRICHLOROFLUOROME THANE CCL3F 
CARBON TETRACHLORIDE cclé 
CARBON TETRAELUORIDE CFG 
CHLOROD f FLUOROME THANE CHCLF2 
DICHLOROFLUOROME THANE cHCL2F 
CHLOROFORM CHCL3 
TRIFLUOROME THANE CHF3 
DI CHLOROMETHANE cH2C12 
METHYL CHLORIDE cH3CL 
METHYL FLUORIDE CH3F 
VINYL CHLORIDE C2H3CL 
1,1, 1- TRICHLOROE THANE C2H3CL3 
1,1, 2-TRICHLOROE THANE C2H3C13 
1,1, 1-TRIFLUOROE THANE C2H3F3 
1, 1-DI CHLORCE THANE c2Hacle 
1, 2-D1CHLOROE THANE caHécl2 
1, 1-D1 FLUORDE THANE C2HGF2 
ETHYL CHLORIDE C2K5CL 
ETHYL FLUORIDE C2HSF 
1, 2-DICHLOROPROPANE C3HECL2 


-2913 68 -27466.79 
-1748.05 - 1609.70 
-903 .56 -780.56 
°267.79 -149.64 
-4558.73 -4340.55 
+2396 57 -2239.93 
+1183 .40 -1056.00 
-370.59 -252.66 
+4280 32 ~4068.84 
-483 .53 “349.08 
~697 94 ~497 65 
-2959 83 -2657.91 
195.71 288.58 
-458.60 7245.61 
-457.63 -260.95 
“3767.21 “3414.23 
-562.22 +315 .37 
-563 .88 7321.26 
-3259.76 -2885 .48 
-748.14 -403.17 
+2365 24 - 1899.17 
-619.48 -305.10 


© 02 OO NO MOO OO OO 09 O OO NO 
SSGKSRANGEVRRERSSASIKS 
oh 


v 


w WUD ODOW au 
Pn Qo _ 
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Table 1C4.10 Ketones 


ACETONE C3H60 - 1596.69 1119.98 
METHYL ETHYL KETONE C4HBO - 1425.01 -876.47 
OIETHYL KETONE C5100 ~ 1287.29 -670.85 


-690.31 


METHYL-n-PROPYL KETONE C5H100 +1293 ..78 
METHYL-n-BUTYL KETONE C6H120 -1201. 12 °558.36 


METHYL ISOBUTYL KETONE CéH120 1236.21 P| -579.47 
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TABLES 1C4.11-1C4.12 
SULFUR CONTAINING COMPOUNDS AND MISCELLANEOUS: 
SECONDARY PROPERTIES 


Solubility | Flash Ideal Gas Heat of Flanmabilty Limits 
Parameter Point Heat of Fusion at 
Terp- Formation 77 deg F | Volume Pecent 


(Cal /fem*3)*%! ereture at 77 F i jin Air Mixture 
Btu/tb 
deg F Btu/lb 


Table 1C4.11 Sulfur Containing Compounds 


827 CARBON DISULFIDE cs2 

828 METHYL MERCAPTAN cH4s 

829 2,3-DITHIABUTANE C2HSS2 
DIMETHYL SULFIDE C2H6S 
ETHYL MERCAPTAN C2H6S 
2-THIABUTANE C3HBS 
4-PROPANETHIOL c3H8S 
n-BUTANETHIOL C4H10S 
tert-BUTANETHIOL CAH10S 
2-BUTANETHIOL C4H10S 
2-METHYL~1-PROPANETHIOL C4K10S 
3-THIAPENTANE c4H10S 
2- THI AHEXANE cSH12S 
3-THIAHEXANE cSHi12s 
1-PENTANETHIOL cSHi2s 
2-THIAKEPTANE CéH14s 
1°HEXANETHIOL C6H14S 
1-HEPTANETHIOL C7H16S 


NEP Oonoo0o 
eeree 


f 
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Table 1C4.12 Miscellaneous 


891 THIOPHENE C4H4S 589.85 woe 
892 TETRAHYDROTHIOPHENE C4Has +164.61 wee 
845 WATER H20 -5770.82 143.23 
846 SULFURIC ACID H2S04 -3222.74 46.95 
847 SCOLUM HYDROXIDE NaOH "2125.73 71.06 
848 PROPYLENE CARBONATE C3H6CO3 +2453 .07 nee 
849 FURFURAL c5H402 -675 64 64.27 
850 1,2-PROPYLENE GLYCOL C3H802 -2381.43 42.82 
851 DIETHYLENE GLYCOL C4K1003 -2314.09 66.52 
852 TETRAETHYLENE GLYCOL C8H1805 °1954.55 81.14 
853 MONOETHANOLAMINE C2H7NO °1456.83 144.45 
854 DIETHANOLAMINE C4H1 1NO2 - 1670.33 102.81 
855 DIGLYCOLAMINE C441 1N02 -1492.57 P oe. 
856 METHYL DIETHANOLAMINE CSH13NO2 -1371.00 P eee 
857 TRIETHANOLAMINE C6H15NO3 -1617.97 78.46 
858 D1 1SOPROPANOLAMINE C6H1SWO2 -1465.48 P eee 
859 N,N-DIMETHYL FORMAMIDE COHTNO °1127.55 95.14 
860 N-METHYL-2-PYRROLIDONE CSHONO -898.61 eae 
861 DIMETHYL SULFOXIDE CeHéos -827 .89 76.78 
862 SULFOLANE C4H802S °1333.38 4.96 
863 SELEXOL wee wee 
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KEY TO FOOTNOTE CODES 


= Sublimation point temperature 

= Pseudocritical value 

= Absolute values from weights in vacuum 

= Calculated from the definition 

= At saturation pressure (triple point) 

= At saturation pressure and 60F 

= At boiling point 

= Critical solution temperature instead of aniline point 
= Interpolated 

= Evaluated at -148 F 


nRUOHM aA tw on wD 


= The + sign and the number following signify the octane number 
of the compound corresponds to that of 2,2,4-Trimethylpentane 


with the indicated number of milliliters of tetraethyl lead 
added. 


= Evaluated at -54 F 

= Evaluated at -193.3 F 

= Too volatile to run as a liquid in CFR engine 
= Predicted 

= Specific gravity -119.2 F/60 F 

= For the undercooled liquid below the normal freezing point 
= Unknown whether predicted or experimental 

= Extrapolated 

= Evaluated at -13.27 F 

= Predicted and Extrapolated 

= Net heat of combustion of the gas 

= Estimated value 


Mm NK GC aHnWD ON 2 Ee 
! 


= Net heat of combustion of the solid 
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TABLE 1C5.2 (Continued) 
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TABLE 1€5.2 (Continued) 
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TABLE 1€5.2 (Continued) 
Boiling |Freezing Density|Liquid — 

Temp- Pressure 

erature 
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PREFACE 


The subject of characterization has been of continuing concern to the Technical 
Data Committee since the publication in 1966 of the first edition of the Technical 
Data Book—Petroleum Refining. From 1966-1980 a study of methods for estimating 
characterizing parameters and for developing new characterizing parameters was 
undertaken. The major difficulty in such work was and continues to be the scarcity 
of complete experimental characterizing parameters and properties on any single 
fraction. The complete revision of this chapter represents the most accurate meth- 
ods that can be developed with the current state of available experimental data. 
Major work on this chapter was carried out by Mohammad R. Riazi, Miriam K. 
Maslanik, and Thomas E. Daubert under the direction of Drs. Daubert and Dan- 
ner. The chapter coordinators for the Technical Data Committee were initially 
Robert H. Jacoby and Edward O. Eisen of Gulf Oil Co. and later Stephen A. 
Newman of Foster Wheeler Corporation. 

In 1985 and 1986, methods were modified using additional available data leading 
to the current revision. Mohammad R. Riazi, Assistant Professor of Chemical 
Engineering, carried out the majority of the work reporting to Dr. T. E. Daubert. 
Dr. S. J. Kramer, Amoco Oil Company, was the chapter coordinator for the 
Technical Data Committee. Documentation Report No. 2,3-1986 details the results 
of the work and is available from University Microfilms. 


Thomas E. Daubert 

Ronald P. Danner 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 
September 1986 
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CHAPTER 2 
CHARACTERIZATION OF HYDROCARBONS 


2-0 INTRODUCTION 


For correlational purposes, it is often necessary to 
designate the individual hydrocarbons in the various 
series by numerical parameters which characterize 
them. Hydrocarbons are partly characterized by such 
physical properties as the boiling point, critical point, 
and the liquid density. Their molecular size and shape 
are simultaneously indicated by the acentric factor (4, 
5). The acentric factor is useful for correlating physical 
and thermodynamic properties and is defined as w: 


o = —logp;* — 1.000 (2-0.1) 


Where: 
p; = reduced vapor pressure, p*/p,. 
p* =vapor pressure at T =0.77,, in pounds per 
square inch absolute. 
Pc. = Critical pressure, in pounds per square inch ab- 
solute. 
T = temperature, in degrees Rankine. 
T, = critical temperature, in degrees Rankine. 


The acentric factor is used in hydrocarbon correlations 
in several chapters of this book. Accordingly, Proce- 
dure 2A1.1 is presented as a general method of esti- 
mation consistent with Procedure 5A1.10, and a num- 
ber of values are listed in Table 2A1.3. Alternately if 
experimental vapor pressure data are available, the 
defining equation (2-0.1) should be used. 

For mixtures of identifiable hydrocarbons, the acen- 
tric factor is given by the following equation: 


Rr 
o = > x; @, (2-0.2) 
=] 
Where: 
n = number of components in the mixture. 
x, = mole fraction of component i. 
w, = acentric factor of component i. 


This equation is an oversimplification, but it is quite 
satisfactory in most cases. No better substitute is cur- 
rently available. 

For hydrocarbon mixtures for which the composition 
is known, the pure-component physical properties and 
acentric factors adequately characterize the system. For 
more complex mixtures such as petroleum fractions, it 
is impractical and not always possible to analyze the 
entire mixture to define the concentration of all the 
components. These undefined mixtures are usually 
characterized by parameters that are derived from the 
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normal inspection tests, an ASTM D86 or D1160 dis- 
tillation, and the specific gravity of the mixture. Many 
characterizing parameters have been proposed, but 
very few are generally useful. 

Among the useful parameters are five different boil- 
ing points and the Watson (10) characterization factor, 
K. Each boiling point reduces to the normal boiling 
point for pure hydrocarbons and is significant for a dif- 
ferent group of correlations. These five quantities are 
defined by the following equations (9). 

Volumetric average boiling point: 


VABP = > Xy, Th, (2-0.3) 
wl 


Where: 

x,; = volume fraction of component i. 

%,= normal boiling point of component i. Either 
Fahrenheit or Rankine units may be used for 
volumetric average boiling point, molal average 
boiling point, and weight average boiling point 
to give the same units for the average boiling 
point. Rankine units must be used for cubic av- 
erage boiling point, however. The MABP and 
CABP must be in the same units to calculate 
mean average boiling point. 


Molal average boiling point: 

MABP = Si h, (2-0.4) 
Weight average boiling point: 

WABP = ee h, (2-0.5) 


Where: 
Xu. = weight fraction of component i. 


Cubic average boiling point: 
n 3 
CABP = (3 xu TH? ] (2-0.6) 
a= 1 


Mean average boiling point: 


MeABP = MABP > CABP 


(2-0.7) 

Inasmuch as volume, mole, and weight fractions are 
not known for undefined mixtures, the boiling points 
are conveniently correlated in an empirical plot (Figure 
2B1.2) based on the ASTM D86 distillation curve. 
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Analytical correlations developed by Zhou (13) are also 
included for use on a digital computer. For high- 
molecular-weight fractions which are vacuum distilled 
by ASTM Method D1160, the results must be converted 
to an ASTM D686 basis before obtaining a boiling point 
(see Chapter 3). 
The Watson characterization factor, K, is defined by 
the equation: 
(MeABP)'” 


~ sp gr, 60 F/60 F (2-0.8) 


where MeABP must be in degrees Rankine. The boiling 
point for the Watson characterization factor was origi- 
nally taken as the molal average (10) and was later 
changed to the cubic average (9). Later usage (3, 11) 
involves the mean average, or the arithmetic average of 
the two earlier boiling points, as used in equation 
(2-0.8). 

The Watson K is an approximate index of paraf- 
finicity, with high values corresponding to high degrees 
of saturation. A number of Watson K-values for pure 
hydrocarbons are listed in Table 2A1.3. For identifiable 
hydrocarbon mixtures, the Watson K is given by the 
equation: 


K =>) %uK; (2-0.9) 
t=] 


where K, is the Watson K for the component i. For 
petroleum fractions, equation (2-0.8) is given in nomo- 
graphic form in Figure 2B6.1 where aniline point, mo- 
lecular weight, and carbon-to-hydrogen ratio are also 
correlated. 

The MeABP and specific gravity may also be used to 
estimate the Watson K. For high-molecular-weight pe- 
troleum fractions, thermal cracking interferes with dis- 
tillations at atmospheric pressure, so it is difficult to 
obtain a reliable MeABP for use in the defining equa- 
tion for the Watson K. However, if the viscosity of the 
fraction is known at 100 F and 210 F, Figure 2B2.4 can 
be used to determine the molecular weight which, with 
gravity, defines the Watson K from Figure 2B2.2. 

For heavy petroleum fractions some analytical corre- 
lations in terms of specific gravity, flash point and re- 
fractive index are proposed by Woodle (12). 

The Watson characterization factor is a satisfactory 
approach for correlating the physical and thermal prop- 
erties of paraffinic or naphthenic straight-run petro- 
leum fractions. However, the Watson K does not accu- 
rately characterize fractions containing appreciable 
amounts of olefinic, diolefinic, or aromatic hydrocar- 
bons. Examples of such fractions are catalytic cracker 
recycle oils, catalytic reformer streams, and hydro- 
carbon streams from other synthesis processes. 

Molecular weight is an important input parameter for 
many correlations. Procedure 2B2.1 provides a method 
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useful for both desk and computer to estimate the mo- 
lecular weight of petroleum fractions, given only the 
mean average boiling point of the fraction and the spe- 
cific gravity. This method is useful in the range of mo- 
lecular weight of 70-700. An alternate, but less accu- 
rate, procedure to be used only when the mean average 
boiling point is unknown is given by Procedure 2B2.3. 
This procedure requires specific gravity and viscosity at 
both 100 F and 210 F to predict molecular weights from 


200-800. 
Acentric factors for petroleum fractions for use with 


analytical and generalized equations of state can be 
estimated by Procedure 2B3.1 which combines the 
Maxwell-Bonnell procedure for estimating vapor pres- 
sure with the definition of acentric factor (Equation 
2A1.1-1). Required primary input parameters are mean 
average boiling point and specific gravity. 

Molecular type distribution of a petroleum fraction is 
estimable for straight-run petroleum fractions using 
Procedure 2B4.1. Required input parameters are mo- 
lecular weight, specific gravity, refractive index, and 
one value of viscosity. Molecular type analysis, using 
the procedures of Chapters 7 and 11 for defined mix- 
tures rather than specialized methods for undefined 
mixtures, allows calculation of enthalpy, heat capacity, 
and viscosity of petroleum fractions. Improved accuracy 
is obtained, as substantiated by Riazi and Daubert (8). 

Refractive index of a petroleum fraction can be esti- 
mated by using Procedure 2B5.1 for the molecular 
weight range of 70 to 600. Mean average boiling point 
and specific gravity of the fraction are required input 
parameters. 

Figure 2B6.1 can be used for estimating Watson K 
from specific gravity and mean average boiling point, 
molecular weight, or aniline point. This figure, al- 
though usable for estimation of molecular weight, 
should not be used if the mean average boiling point 
and specific gravity are both known where Procedure 
2B2.1 is preferable. 

Procedure 2B7.1 can be used for estimating the flash 
point of petroleum fractions and pure compounds from 
the ASTM 10% temperature or normal boiling point, 
respectively in the boiling range of 150-1150 F. 

Procedure 2B8.1 provides a method for estimating 
the pour point of petroleum fractions. Specific gravity 
at 60 F/60 F, kinematic viscosity at 100 F, and molecular 
weight are required as input parameters. The molecular 
weight range of 140-800 is covered. 


NOTE: A report documenting the basis upon which 
the material in this chapter was selected has been pub- 
lished by the American Petroleum Institute as Docu- 
mentation Report No. 2,3-86 and is available from Uni- 
versity Microfilms, OP Dept, 300 N. Zeeb Rd., Ann 
Arbor, Michigan 48106. 
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PROCEDURE 2A1.1 
ACENTRIC FACTORS OF PURE HYDROCARBONS 


Discussion 


The acentric factor defined by equation (2-0.1) is a useful characterizing parameter for 
several prediction methods. The following equation is used to estimate the acentric factor of 
pure hydrocarbons. 


_ Inp*' — 5.92714 + 6.09648/T, + 1.28862 In T, — 0.169347T? 


ae 15.2518 — 15.6875/T, — 13.4721 In 7, + 0.43577T° Ga) 


Where: 
w = acentric factor. 
p*' =reduced vapor pressure at the reduced temperature, T,. 
p*' = vapor pressure at 7, in pounds per square inch absolute. 
p. = critical pressure, in pounds per square inch absolute. 
T, = reduced temperature, T/T. . 
T = temperature, in degrees Rankine. 
T. = critical temperature, in degrees Rankine. 


Procedure 


Step 1: To determine the acentric factor for a hydrocarbon that is not listed in Table 2A1.3, 
first obtain the critical temperature and pressure from Chapter 1 or predict the latter values 
from methods of Chapter 4. 

Step 2: If the normal boiling point is available from Chapter 1, set T equal to the normal 
boiling point and p*’ equal to 14.7 psia. If the normal boiling point is not available, predict 
the vapor pressure at a reduced temperature of 0.7 by the methods of Chapter 5. 

Step 3: Use equation (2A1.1-1) or its equivalent, Figure 2A1.2, to estimate the acentric 
factor. 
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COMMENTS ON PROCEDURE 2A1.1 


Purpose 


Procedure 2A1.1 is a general method for obtaining the acentric factors of pure hydrocar- 
bons for use in the correlations of other chapters. Use this procedure for pure hydrocarbons 
which are not listed in Table 2A1.3 or in Chapter 1. For undefined hydrocarbon mixtures, 
use Procedure 2B3.1. 


Reliability 


The reliability of the acentric factors calculated with this procedure is a direct function of 
the reliability of the input critical properties and vapor pressures. Large discrepancies can be 
detected by comparison with the values in Table 2A1.3. Equation 2A1.1-1 can reproduce the 
values in Table 2A1.3 with an average deviation of 1.3% when the normal boiling point is 
used. 


Special Comments 

Because reliable normal boiling point temperatures are usually available, this point is 
generally used. However, other vapor pressure data in the same temperature range may be 
used. 

For mixtures of identifiable hydrocarbons, the acentric factor, w, is given by the following 
equation: 


o= > x, 0, (2A1.1-2) 
=1 


Where: 
n = number of components in the mixture. 
x, = mole fraction of component i. 
w, = acentric factor of component i. 


This equation is an oversimplification, but it is quite satisfactory in most cases. No better 
substitute is currently available. 


Literature Source 
Lee, B. I., Kesler, M. G., AIChE J. 21 510 (1975). 


Example 


Calculate the acentric factor of 1-butene. 
From Chapter 1, 7: = 295.6 F, p-=583 pounds per square inch absolute, and the boiling 
point is 20.7 F. The reduced vapor pressure at the boiling point is 14.7/583 = 0.0252, and the 
20.7+ 459.7 _ 9 46 
295.6 + 459.7 Pie 


_ In (0.0252) — 5.92714 + 6.09648/0.636 + 1.28862 In (0.636) — 0.169347(0.636)* 
* 15.2518 — 15.6875/0.636 — 13.4721 In (0.636) + 0.43577(0.636)° 

_ —0.6168 _ 

= Ty 3ggq = 0-188 


The value listed in Table 2A1.2, which was derived from data at 7; = 0.7, is 0.1867. Alter- 
nately, using Figure 2A1.2, 


corresponding reduced temperature is 


T, = 0.636, In P* = —3.6809 
w = 0.19 
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2A1.2 
WwW (ACENTRIC FACTOR) 
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FIGURE 2A1.2 
ACENTRIC FACTORS OF 
PURE HYDROCARBONS 
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TABLE 2A1.3 


ACENTRIC FACTORS, WATSON CHARACTERIZATION FACTORS, AND CRITICAL 
COMPRESSIBILITY FACTORS OF PURE SUBSTANCES 


Acentric 

Factor, w 
Nonhydrocarbons 
Hydrogen. ... 0.0.0... eee eee eee eee eee —0.2153* 
Nitrogen. ......-- 2. eee eee eee nee ees 0.0403 
OXYZEN. cee een eee eee 0.0218 
Carbon monoxide. .... 0.0... cece ee eee eee eee 0.0663 
Carbon dioxide..............022-. 5.2 e eee 0.2276 
Sulfur dioxide ..............00 2260-2 e eee eee 0.2451 
Hydrogen sulfide .........0.- 6. e eee eens 0.0826 
Water 22 S25 San keaw te hee Sota Magee 0.3449 
AMMONIA... 6. ees 0.2520 
Paraffins 
Methane. ccc icin gare an ee eee ae eee 0.0108 
Bthane eyed ease keene note ie een aad 0.0990 
Propane 5 eee yd SO Pe ee Ve SS 0.1517 
N=-Butane: sci jer dt ee es Pee Soka eet eee ee 0.1931 
2-Methylpropane (isobutane)...........--.--- 0.1770 
n-Pentane ....... 2.2. cece eee eens 0.2486 
2-Methylbutane (isopentane)..............--- 0.2275 
2,2-Dimethylpropane (neopentane) ........... 0.1964 
n-Hexane sso eek sik heeded ha eh 0.3047 
2-Methylpentane (isohexane)................. 0.2781 
3-Methylpentane. ........... 226. e eee eee eee 0.2773 
2,2-Dimethylbutane .... 2.6.2... ee eee eee 0.2339 
2,3-Dimethylbutane ......... 000. c eee eee eee 0.2476 
n-Heptane ov vec dew is ead ee ee ae 0.3494 
2-Methylhexane (isoheptane)..............--. 0.3282 
3-Methylhexane .............---- 20sec ee eee 0.3216 
3-Ethylpentane ........ 0.600 c eee eee eee 0.3094 
2,2-Dimethylpentane .... 2.0.2... cece eee 0.2879 
2,3-Dimethylpentane ..............---------- 0.2923 
2,4-Dimethylpentane ............ 0.2.0 0.3018 
3,3-Dimethylpentane .................----4-- 0.2672 
2,2,3-Trimethylbutane............. 0. eee eee 0.2503 
A-OCtane .viewunoeie eereeG tees eka eed 0.3962 
2-Methylheptane (isooctane)................. 0.3768 
3-Methylheptane. .. 2.6... cc eee cee eee eee 0.3716 
4-Methylheptane... 0.0.0... eee eee ees 0.3711 
3-Methyl-3-ethylpentane ..........-....--+--- 0.3047 
2,2,3-Trimethylpentane ............--.---0005- 0.2970 
2,2,4-Trimethy!pentane (isooctane) ........... 0.3031 
2,3,3-Trimethylpentane ....... 0... eee eee 0.2903 
2,3,4-Trimethylpentane ............ 200s seen 0.3161 
2,2,3,3-Tetramethylbutane .............20.065 0.2171 
m=NOnanes: oS... Sot pele he ae a 0.4368 
2,2,3-Trimethylhexane............-0- ee ee eee 0.3181 
2,2,4-Trimethylhexane..........-.....-2-000- 0.3437 


2A1.3 
Watson Critical 
Characterization Compressibility 

Factor, K Factor, z. 
0.305 

0.292 

0.288 

0.295 

0.274 

0.269 

0.284 

0.229 

0.242 

19.54 0.288 
19.49 0.284 
14.69 0.280 
13.50 0.274 
13.78 0.282 
13.03 0.269 
13.01 0.270 
13.36 0.269 
12.78 0.264 
12.82 0.267 
12.65 0.273 
12.77 0.272 
12.62 0.269 
12.68 0.263 
12.72 0.261 
12.55 0.255 
12.36 0.268 
12.60 0.267 
12.35 0.256 
12.72 0.265 
12.42 0.273 
12.38 0.266 
12.68 0.259 
12.64 0.261 
12.54 0.252 
12.33 0.259 
12.16 0.267 
12.27 0.254 
12.52 0.266 
12.15 0.269 
12.24 0.267 
12.07 0.280 
12.64 0.255 
12.29 0.260 
12.45 0.255 
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2A1.3 
TABLE 2A1.3 (Continued) 

2,2,5-Trimethylhexane...............0.00000. 0.3567 12.50 0.256 
3,3-Diethylpentane......0.......... eee eee 0.3381 12.00 0.249 
2,2,3,3-Tetramethylpentane .................. 0.2800 11.91 0.257 
2,2,3,4-Tetramethylpentane .................. 0.3106 12.45 0.255 
2,2,4,4-Tetramethylpentane .................. 0.3159 12.34 0.250 
2,3,3,4-Tetramethylpentane .................. 0.3145 11.96 0.263 
N= DECANE oor sris do vie gee bibs aaponcecd Seace Whe eset 0.4842 12.64 0.249 
n-Undecane....... 0... cece cece eens 0.5362 12.70 0.243 
N=DOGCCANE oie. sed ee pied a coe a wow Sie obec bw 0.5752 12.74 0.238 
Pe- THC CAN 5 oct sc ia aie Geeta, bof 5.00 bee a aes doce 0.6186 12.75 0.236 
n-Tetradecane... 2.2... ec 0.5701 12.87 0.203 
n-Pentadecane .......... 0.0.0.2... 0. e cece eee 0.7083 12.86 0.228 
n-Hexadecane.......... 0.00. cece eee 0.7471 12.90 0.220 
n-Heptadecane .......... 00... ccc eevee ee eae 0.7645 12.98 0.217 
n-Octadecane .............. 0.0002 c eee 0.7946 13.05 0.196 
n-Nonadecane................... ihe mica 0.8196 13.06 0.200 
A-EicOsanes sy osc Mes esi ceece ea ee guy eines 0.9119 13.10 0.198 
Naphthenes 

Cyclopropane ........ 2. ccc cece c cece eee eee 0.1348 11.93 0.274 
Cyclobutane. ....... 00. ccc cee eee eee 0.1866 11.45 0.274 
Cyclopentane......... 2... eee cece 0.1943 10.97 0.273 
Methylcyclopentane.................00.0.0.. 0.2302 11.32 0.272 
Ethylcyclopentane ........... 0... cece eens 0.2715 11.39 0.269 
1,1-Dimethyleyclopentane.................... 0.2721 11.42 0.270 
cis -1,3-Dimethylcyclopentane ................ 0.2737 11.60 0.270 
trans -1,3-Dimethylcyclopentane .............. 0.2678 11.55 0.27 
n-Propylcyclopentanet ............22..000055 0.2719 11.51 0.254 
Isopropylcyclopentanet .................0000 0.3029 11.49 0.259 
1-Methyl-l-ethylcyclopentane}................ 0.3305 11.37 0.267 
Methyl-cis -2-ethylcyclopentanet .............. 0.3278 11.38 0.263 
1,1,2-Trimethylcyclopentanet................. 0.3324 11.42 0.273 
1,1,3-Trimethylcyclopentanet................. 0.3318 11.70 0.279 
cis, cis, trans-1,2,4-Trimethylcyclopentanet .... 0.3306 11.59 0.270 
els, trans, cis-1,2,4-Trimethylcyclopentanet .... 0.3310 11.75 0.276 
n-Pentylcyclopentane................00.00005 0.4184 11.75 0.249 
n-Hexylcyclopentanet ..................0.00.- 0.4646 11.86 0.244 
n-Heptylcyciopentanet ................00000. 0.5100 11.96 0.239 
n-Octylcyclopentanef ...............0000000- 0.5525 12.06 0.235 
n-Nonylcyclopentanef..............00 000 eee 0.5956 12.16 0.232 
n-Decylcyclopentanet ..................0000. 0.6314 12.25 0.228 
n-Undecylcyclopentanet..................... 0.6741 12.33 0.225 
n-Dodecylcyclopentanet.............000.000. 0.7163 12.41 0.222 
n-Tridecylcyclopentanet ............0.000000- 0.7582 12.48 0.220 
n-Tetradecylcyclopentane} ...............005- 0.7949 12.55 0.218 
n-Pentadecylcyclopentanet................... 0.8395 12.68 0.215 
n-Hexadecylcyclopentane}................... 0.8755 12.75 0.213 
Cyclohexane .......... 0... cece cee eee eens 0.2149 11.00 0.273 
Methylcyclohexane............. 0... 00000000. 0.2350 11.31 0.269 
Ethylcyclohexane .......... 2... ccc eee eeu 0.2455 11.36 0.270 
n-Propylcyclohexanet ................0220005 0.2595 11.50 0.252 
Isopropylcyclohexanet...............00.020005 0.3675 11.38 0.281 
n-Butylcyclohexanet ............. 000000000. 0.2743 11.64 0.266 
Isobutylcyclohexanet.................000000. 0.4084 11.37 0.301 
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2A1.3 
TABLE 2A1.3 (Continued) 

sec-Butylcyclohexane?..................-005- 0.3520 11.43 0.249 
tert-Butylcyclohexanet .......... igh hy eae 0.3380 11.37 0.251 
n-Decylcyclohexanet................ 202 eens 0.6600 12.27 0.226 
Cyclooctane .. .2. et vekwee ed eee See eae 0.2536 10.89 0.27 
cis-Decahydronaphthalenef ................5. 0.2942 10.48 0.267 
trans -Decahydronaphthalenef ...............- 0.2536 10.73 0.238 
Olefins 

Ethene (ethylene).............. 00000 e eee eee 0.0852 0.277 
Propene (propylene) .............. 0. cee eee 0.1424 14.21 0.275 
T-Butene sf sec checkered. Bawa Kei dared 0.1867 13.04 0.276 
cis-2-Butene ..........02 cc cece cee eee 0.2030 12.61 0.272 
trans-2-Butene .....0. 0. cece ee eee eee 0.2182 12.93 0.274 
2-Methylpropene (isobutylene) ............... 0.1893 13.01 0,275 
1-Péntenes. 5 ciie shes hae ee bg 5 RRS 0.2330 12.65 0.270 
cis-2-Pentene... 0.0... eee eee eee 0.2406 12.48 0.279 
trans -2-Pentane... 0.0.0... 0c eee ees 0.2373 12.61 0.279 
2-Methyl-1-butene ©... 60.66 eee eee 0.2287 12.47 0.257 
3-Methyl-1-butene .... 0... eee cee eee eee 0.2286 12.78 0.284 
2-Methyl-2-butene ......... 0... cece eee eee 0.2767 12.34 0.254 
J= HIE KON Crs heb. oad Ss br oR Gas Pw RES Mes 0.2800 12.50 0.265 
cis-2-Hexenet .......... 0.2 c eee eee 0.2722 12,30 0.266 
trans -2-Hexanet .........--0 2002s 0.2613 12.45 0.267 
Cts -3-HEXCNE Ft eeacd 5 oh a cb On Pee ea ES 0.2906 12.40 0.263 
trans -3-Hexenet ....... 0... cece eee ee 0.2879 12.46 0.263 
2-Methyl-2-pentenet ........ 6. ese cece eee ee 0.2445 12.29 0.268 
3-Methyl-cis-2-pentenet ............-0.- eee 0.2585 12.18 0.264 
3-Methyl-rrans -2-pentenet ..........--.0.00 0.2563 12.14 0.261 
2,3-Dimethyl-1-butenet...................0.. 0.2269 12.30 0.270 
3,3-Dimethyl-1-butene}...................04. 0.2288 12.58 0.275 
2,3-Dimethyl-2-butenet.............0. 002000. 0.2268 11.99 0.253 
TsHeptene: <0 iigectk hick eet eee 0.3310 12.41 0.262 
trans -2-Heptenet ......... 0... cece eee eee 0.3389 12.39 0.256 
trans -3-Heptenet .......... 0.00 c eee eee 0.3379 12.42 0.258 
4,4-Dimethyl-i-pentenet............. 0.02000 0.2747 12.43 0.267 
T-OCteNe saccades Atala bees Meee 0.3747 12.40 0.256 
trans-2-Octernet 0.0.0.0. c cece cece eee 0.3384 12.36 0.260 
T-NOMENE 0. cece cette eters 0.4171 12.42 0.249 
1=DEeCeNne 35 hee eG ag dee eee pet 0.4645 12.46 0.247 
1-Undecenet 0.2 bons oe eg itae eee Angeriaa ce 0.4489 12.50 0.251 
TsDodecenetedinwk: tad eden nes aediatnde ts be 0.4909 12.54 0.247 
TTridecene Fsehc kiedescjec arses ating sere fant ookes 0.5280 12.59 0.245 
1-Tetradecene to s0. cc cciee saci bk wn ele se tei ore fener 0.5460 12.66 0.243 
1-Pentadecenet....... 0... cece ee ee eens 0.6633 12.72 0.215 
1-Hexadecenet ....... cece eee eee eee 0.6128 12.76 0.238 
1-Octadecenet...........0 2.0 c eee eee ee eee 0.6669 12.86 0.234 
Diolefins 

Propadiene.......... 22ers 0.1594 12.58 0.271 
1,2-Butadienet ........... 2... cece eee nee 0.2509 12.16 0.267 
1,3-Butadiene ............ 2... c cece cece eee 0.1932 12.51 0.270 
1,2-Pentadienet ......... cece cree ence eee 0.2235 11.90 0.256 
1-cis-3-Pentadienet .......... 0. cee eee 0.1470 11.91 0.249 
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TABLE 2A1.3 (Continued) 


1-trans-3-Pentadienet ............-.-.. 02022025 0.1162 
1,4-Pentadiene} .......0...0.0.0.00002......200205. 0.0837 
2,3-Pentadiene ti.0.5 wiceeeue tod eae Wee ate Yee 0.2194 
3-Methyl-1,2-butadienet.......... 00.000 e eee 0.1923 
Acetylenes 

Ethyne (acetylene)... 2... eee ee ee 0.1873 
Propyne (methylacetylene) .................0.0., 0.2161 
1-Butyne (ethylacetylene)t ..................... 0.2469 
Aromatics 

Benzene... fhieot tad Sane te bed eS 0.2108 
Methylbenzene (toluene)...................02055 0.2641 
Ethylbetizene sic hese Hi ee tnt eae hele 0.3036 
1,2-Dimethylbenzene (o-xylene)...........00.005 0.3127 
1,3-Dimethylbenzene (m-xylene) ................ 0.3260 
1,4-Dimethylbenzene (p-xylene)................. 0.3259 
n-Propylbenzene ... 2.2.0... . eee ees 0.3462 
Isopropylbenzene. .. 0... 6. cece cee 0.3377 
1-Methyl-2-ethylbenzene. ....... 0... cece eee eee 0.2932 
1-Methy]-3-ethylbenzene. ..................000. 0.3221 
1-Methyl-4-ethylbenzene. ........0 0.00. 0.3242 
1,2,3-Trimethylbenzene..... 2.22... 0. cece eee 0.3664 
1,2,4-Trimethylbenzene.............. 00200020005 0.3792 
n-Butylbenzene .........0..0..22000 0.0000 ee eee 0.3917 
Isobutylbenzene.. 0.02... eee ees 0.3811 
sec-Butylbenzene}... 0.0.00... cece eee 0.2756 
tert-Butylbenzenet .............0000 0.000.000. 0.2672 
1-Methy]l-2-isopropylbenzenet ...............0.. 0.3372 
1-Methyl-3-isopropylbenzene ...............605: 0.3411 
1-Methy]l-4-isopropylbenzene...............0005 0.3722 
1,2-Diethylbenzenef ............0......00..0-. 0.3395 
1,3-Diethylbenzenef ... 0.0.2.0... cee ee eee 0.3497 
1,4-Diethylbenzene ... 0.2.0... eee eee eee 0.4035 
1,3-Dimethyl-S-ethylbenzenet .................. 0.4140 
1,4-Dimethy]-2-ethylbenzenet .................. 0.4013 
1,2,3,4-Tetramethylbenzene}t ...............2005 0.4127 
1,2,3,5-Tetramethylbenzenet ..............00005 0.3943 
1,2,4,5-Tetramethylbenzene ................245. 0.4349 
Biphenyly: saci ostteiae die dene Pad alec s hole! 0.3659 
p-Terphenyl :.3.co5.5 side ite dete detains gare Weds 0.5281 
m-Terphenyl... 2... ee cee eee 0.5583 
o-Terphyneyls ooo ok Sos eked 285 dla bata eaees 0.4671 
Diphenylmethane}................. 2... eee eee 0.4611 
Vinylbenzenet .... 0.2... eee tee eee 0.2356 
1-Methyl]-2-ethenylbenzeneft..............2...0. 0.3439 
1-Methyl-3-ethenylbenzenet.................... 0.3830 
1-Methy]-4-ethenylbenzenef.................... 0.3830 
Naphthalene... 02... 0 ec e ee ee 0.3019 
1-Methylnaphthaleney}.... 0.0.0... cece eee eee 0.2921 
2-Methyinaphthalenet... 2.20... eee eee 0.3459 
1,2,3,4-Tetrahydronaphthalenet .............-... 0.2859 


fCritical properties for these compounds are calculated rather than experimental. Thus, their 


acentric factors and critical compressibility factors may be less reliable. 


*From experimental data; theoretical value 0.0000. 
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PROCEDURE 2B1.1 
CHARACTERIZING BOILING POINTS OF PETROLEUM FRACTIONS 


Discussion 


Figure 2B1.2 is useful for estimation of various average boiling points when the ASTM D86 
distillation properties are available. 


Procedure 


Step 1: Obtain the volumetric average boiling point of a petroleum fraction using ASTM 
D86 distillation temperatures at each of the 10, 30, 50, 70, and 90 volume percent distilled 


4 + + Too + Tyo + Te : 
points, ic. VAPB = fot Tot fet fot , where all temperatures are in degrees Fahren- 
heit. 


Step 2: The slope is calculated assuming a linear ASTM D86 distillation curve between the 
-T 
10- and 90-percent points, with a slope, SL =e , in Fahrenheit degrees per percent 


distilled. 

Step 3: Using the VABP and the slope, read corrected values to VABP for various average 
boiling points from Figure 2B1.2. 

This procedure may also be used with a digital computer using the following correlations 
generated from Figure 2B1.2 (13). 


ty =h+Ar (2B1.1-1) 
tin = te Ar (2B1.1-2) 
teu = ty As (2B1.1-3) 
tte = ty— Aa (2B1.1-4) 
In A, = —3.062123 — 0.01829(t,—32)° %” + 4.45818 SL°** (2B1.1-5) 
In A> = —0.56379 — 0.007981(t,—32)° ©” + 3.04729 SL°** (2B1.1-6) 
In Ay = —0.23589 — 0.06906(t,—-32)° * + 1.8858 SL°* (2B1.1-7) 
In A, = —0.94402 — 0.00865(1,—32)° ” + 2.99791 SL°*? (2B1.1-8) 


where tw, tn» teu» tme, and t, are WABP, MABP, CABP, MeABP and VABP, respectively, 
in degrees Fahrenheit, and SL is the 10-90 percent slope in (Fahrenheit degrees)/(% dis- 
tilled). 
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COMMENTS ON PROCEDURE 281.1 


Purpose 

The various average boiling points which are used to characterize petroleum fractions are 
correlated in Figure 2B1.2 with the ASTM D86 distillation properties of the fraction. If these 
boiling points are required for mixtures (or portions of a mixture) for which the composition 
is known, use the defining equations (2-0.3) through (2-0.7) given in the introduction. 
Reliability 


The reliability is unknown. 


Notation 


The relationships between the various average boiling points given in Figure 2B1.2 for 
petroleum fractions are analogous to those defined by equations (2-0.3) through (2-0.7) for 
mixtures of identifiable hydrocarbons. 


Special Comments 
If the available distillation data are not from ASTM Method D86, they must be converted 
by the methods of Chapter 3 to calculate the volumetric average boiling point. 


Literature Sources 


This figure was developed by Smith and Watson, Ind. Eng. Chem. 29 1408 (1937). Equa- 
tions (2B1.1-1) through (2B1.1-8) were developed by P. Zhou, Int. Chem. Eng., 24(4), 
731-741 (1984). 


Example 


Determine the molal average boiling point, weight average boiling point, cubic average 
boiling point, and mean average boiling point of a petroleum fraction having the following 
ASTM D686 distillation properties: 


Distillation, percent by volume.......... 10 30 50 70 90 
Temperature, degrees Fahrenheit ........ 149 230 282 325 371 
VApp = 149. +230 + 22 + 325 +371 _ 21 F 


371 — 149 


Slope = a =2.78 Fahrenheit degrees 


percent distilled 
Using Figure 2B1.2, the average boiling points are calculated from the volumetric average 


boiling point by first reading the boiling point corrections from the figure and then calculating 
the various average boiling points from the VABP. 


MABP = 271 — 30 = 241 F CABP =271— 7=264F 
WABP = 271+ 7=278F MeABP = 271 — 19 = 252 F 


Alternately, using equations (2B1.1-1) through (2B1.1-8), the average boiling points are: 


MABP = 240.6 F CABP = 264.0 F 
WABP = 278.3 F MeABP = 252.1 F 
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PROCEDURE 2B2.1 
MOLECULAR WEIGHT OF PETROLEUM FRACTIONS 


Discussion 
The following equation is used to estimate the molecular weight of petroleum fractions. 
M = 20.486 [exp (1.165 x 10~ %, — 7.787128 
+ 1.1582 x 1073 F, $)] 71-2007 ¢ 4.98308 (2B2.1-1) 


Where: 
M =molecular weight of petroleum fraction. 
T, = mean average boiling point of petroleum fraction in degrees Rankine. 


S = specific gravity, 60 F/60 F. 
Procedure 


Step 1: Obtain the specific gravity of the petroleum fraction. 
Step 2: Obtain the mean average boiling point from Figure 2B1.2. 
Step 3: Calculate the molecular weight using equation (2B2.1-1). 


Alternately Figure 2B2.2, the equivalent of equation (2B2.1-1) in terms of Watson characterization 
factor and API gravity, can be used with slightly lower accuracy. 


Where: 


API gravity = = — 131.5 


K=T°/S8 
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2B2.1 
COMMENTS ON PROCEDURE 282.1 
Purpose 
The purpose of this procedure is to predict the molecular weight of petroleum fractions 
from specific gravity and mean average boiling point, both of which are usually available. 
Limitations 
Equation (2B2.1-1) was evaluated over the following range of molecular weight, mean 
average boiling point, and gravities: 
Range of Data 
Molecular weight 70-700 
Boiling point, degrees Fahrenheit 90-1050 
API gravity 14.4-93.1 
Specific gravity 0.63-0.97 
The equation may be safely extrapolated to a boiling point of 1500 F. 
Reliability 
The equation reproduced experimental values of molecular weight to within an average 
error of 3.4 percent when M < 300 and 4.7 percent for Mf > 300 when tested against 635 data 
points. 
Literature Sources 
The equation is a 1986 modification of a correlation developed by M. R. Riazi, ‘‘Prediction 
of Thermophysical Properties of Petroleum Fractions,” Ph.D. Thesis, Department of Chem- 
ical Engineering, The Pennsylvania State University, University Park, Pa., 1979. 
Special Comment 
For heavy fractions or if the mean average boiling point is not available, Procedure 2B2.3 
should be used. 
Example 
Determine the molecular weight of a petroleum fraction having a specific gravity (60 F/60 
F) of 0.8160 and the following ASTM D86 distillation properties: 
Distillation, percent by volume.......... 10 30 50 70 90 
Temperature, degrees Fahrenheit ........ 227 276 340 413 509 
Using Procedure 2B1.1 the volume average boiling point is 353 F, the 10-90 slope is 3.53, 
and the correction from Figure 2B1.2 is —24 F. The mean average boiling point is then 
353 — 24 = 329 F (788.67 R). 
Using equation (2B2.1-1), the molecular weight is: 
M = 20.486 exp (1.165 x 10~* x 788.67 — 7.78712 x 0.8160 + 1.1582 x 107° x 788.67 
x 0.8160)(788.67)' 7 (0.816)* 988 
= 134 
An experimental value is 137.0. 
Alternately using Figure 2B2.2: 
K = (788.69)'7/0.8160 = 11.32 
rice AALS ee 
API gravity = 7-R160 131.5 = 41.9 
M= 140 
2-16 1987 
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PROCEDURE 282.3 
MOLECULAR WEIGHT OF HEAVY PETROLEUM FRACTIONS 


Discussion 


The following equation is used to determine the molecular weight of a heavy petroleum 
fraction. 


M= 223. 56vSod 2435+1 1228S) yG 78-3 0388) ¢ —0 6665 (2B2.3-1) 


Where: 
M = molecular weight of petroleum fraction. 
vico = kinematic viscosity of petroleum fraction at 100 F, in centistokes. 
v2i9 = kinematic viscosity of petroleum fraction at 210 F, in centistokes. 
S = specific gravity, 60 F/60 F. 


Procedure 


Step 1: Obtain the kinematic viscosities at 100 and 210 F from experimental data or using 
estimation methods of Chapter 11. 

Step 2: Obtain the specific gravity of the petroleum fraction. When API gravity is given, 
S = 141.5/(API + 131.5). If a gravity is unknown use equation (2B2.3-2) or Figure 2B2.5 to 
estimate. 

Step 3: Calculate the molecular weight using equation (2B2.3-1) or, alternately, Figure 
2B2.4. 
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COMMENTS ON PROCEDURE 2B2.3 


Purpose 


This procedure is used to determine molecular weight of a high-boiling petroleum fraction 
when viscosities at 100 F and 210 F are known. The molecular weight can be used with Figure 
2B6.1 to estimate the Watson characterization factor for the fraction. 


Limitations 


The viscosities at 100 F and 210 F do not characterize petroleum fractions as well as an 
ASTM distillation; thus, when a choice exists, use Procedure 2B2.1 instead of this procedure 
for estimating molecular weights. 

Use this procedure only for petroleum fractions as erroneous values may be obtained for 
synthetic hydrocarbon mixtures, for which it was not designed. 

Use this equation in the molecular weight range of 200 to 800. 


Reliability 
Molecular weights obtained from this procedure differ by an average of 2.7 percent from 


experimental data. For the few data points for which both Procedure 2B2.1 and 2B2.3 could 
be used to estimate molecular weights, the predictions differed by 8.5 percent. 


Special Comments 


For petroleum fractions for which specific gravity is not available, the following equation 
can be used to estimate the specific gravity. 


S = 0.7717 top?” vig 1° (2B2.3-2) 
This equation is also shown in Figure 2B2.5 in terms of API gravity. If predicted values of 
specific gravity from equation 2B2.3-2 are used instead of experimental values, errors in 
equation (2B2.3-1) increase from 2.7 to 3.5 percent. 
Literature Source 
Riazi, M. R., private communication (1985). 


Example 


Determine the molecular weight and Watson K for an oil having an API gravity of 22.5 and 
kinematic viscosities of 55.1 centistokes at 100 F and 5.87 centistokes at 210 F. 


141.5 


375 + 131.5 — 0-9188 


s= 


A. Using equation (2B2.3-1). 


M = 223,56(55.1)(~! 2435+3 1228 x0 9188) (5.87) 4758-3 038 * 0 #188) (99.91 3g) —9 6665 
= 340 


An experimental molecular weight is 349. 
B. Using Figure 2B2.4, the molecular weight is about 332. 


C. Assuming the API gravity is unknown, use of equation (2B2.3-2) gives § = 0.9219 and 
an API gravity of 22.0. Figure 2B2.5 also would yield an API gravity of 22. 


Using a value of molecular weight of 340 and API gravity in Figure 2B6.1, the Watson K 
is 11.58. 
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PROCEDURE 283.1 
ACENTRIC FACTOR OF PETROLEUM FRACTIONS 


Discussion 


Equation (2-0.1) and Procedure 5A1.13 are used to calculate acentric factors for petroleum 
fractions. 


Procedure 


Step 1: Obtain the mean average boiling point and specific gravity (60 F/60 F) of the 
petroleum fraction. 

Step 2: Obtain the Watson K from defining equation (2-0.8). 

Step 3: Calculate the pseudocritical temperature, using Procedure 4D3.1. 

Step 4: Multiply the pseudocritical temperature obtained in Step 3 by 0.7. 

Step 5: Use Procedure 5A1.13 to determine the vapor pressure of the petroleum fraction 
at the temperature calculated in Step 4. 

Step 6: Calculate the pseudocritical pressure, using Procedure 4D4.1. 

Step 7: Calculate the acentric factor of the petroleum fraction, using equation (2-0.1). 
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COMMENTS ON PROCEDURE 283.1 


Purpose 
The purpose of this procedure is to calculate the acentric factor of petroleum fractions for 


use in the correlations of other chapters. The method uses a reliable correlation for vapor 
pressure and the defining equation for acentric factor. 


Limitations 

Procedure 5A1.13, when used by itself to determine vapor pressures, is strictly applicable 
only to pure hydrocarbons and narrow-boiling petroleum fractions. However, when the 
procedure is used in conjunction with equation (2-0.1) to calculate acentric factor, it is also 
applicable to wide-boiling petroleum fractions. 


Special Comment 
Procedure 2A1.1 should be used to calculate the acentric factor of pure hydrocarbons. 


Example 


Determine the acentric factor of a petroleum fraction having a specific gravity (60 F/60 F) 
of 0.8160 and the following ASTM D86 distillation properties: 


Distillation, percent by volume.......... 10 30 50 70 90 
Temperature, degrees Fahrenheit ........ 227 276 340 413 509 


Correcting the calculated VABP using Figure 2B1.2, the mean average boiling 
point = 329.0 F. Using equation (2-0.8) the Watson K is 11.32. Using Procedure 4D3.1, the 
pseudocritical temperature is calculated to be 683.7 F. Since the reduced temperature is 0.7, 
the temperature for which the vapor pressure is determined is 


T = 0.7(683.7 + 459.7) 
= 800.4 R 
= 340.7 F 


From Procedure 5A1.13, the vapor pressure at 340.7 F is 897 mm Hg. By Procedure 4D4.1, 
the pseudocritical pressure is 400 pounds per square inch absolute. 

By definition, equation (2-0.1), the acentric factor is: 

(897)(14.7) 
'*(400)(760) 


1.00 = 0.363 


w = —log 
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PROCEDURE 2B4.1 
MOLECULAR TYPE COMPOSITION OF PETROLEUM FRACTIONS 


Discussion 


Equations 2B4.1-1 through 2B4.1-3 are used to predict the fractional composition of 
paraffins, naphthenes, and aromatics contained in both light and heavy petroleum fractions. 
Viscosity, specific gravity, and refractive index of the desired fraction are used as input 
parameters. 


Xp =a+b(R,)+c(VG) (2B4.1-1) 
xX, =d+e(R,)+f(VG) (2B4.1-2) 
Xn=gt+h(R,)+i(VG) (2B4.1-3) 
Where: 
a, b,c,...,i =constants varying with molecular weight range as given below. 
Constants Light Fractions Heavy Fractions 
Molecular weight range 70-200 200-600 

a — 13.359 +2.5737 

b +14.4591 +1.0133 

c —1.41344 —3,573 

d +23,9825 +2.464 

e —23.333 —3,6701 

f +0.81517 +1.96312 

g —9.6235 —4.0377 

h +8.8739 +2.6568 

i +0.59827 +1.60988 


Xp» Xn, Xn = mole fraction of paraffins, naphthenes, and aromatics, respectively. 
R, = refractivity intercept as given by equation (2B4_1-4). 
VG = viscosity gravity constant (VGC) as given by equations 2B4.1-5 for heavy 
fractions or viscosity gravity function (VGF) as given by equations 2B4.1-6 for 
light fractions. 


R,=n-$ (2B4.1-4) 
Where: 
n = refractive index at 68 F and 1 atmosphere. 
d = liquid density at 68 F and 1 atomosphere in grams per cubic centimeter. 
_ 108 — 1.0752 log (Vio — 38) 
VGC = eae eee ee io (Vieo = 38) (2B4.1-5.1) 
or 
_ § — 0.24 — 0.022 log (Vaio — 35.5) 
VE Se a (2B4.1-5.2) 
Where: 
S = specific gravity at 60 F/60 F. 
V = Saybolt universal viscosity at 100 or 210 F, in Saybolt universal seconds. 
Note: For interconversion of viscosity units see Chapter 11. 
VGF = —1.816 + 3.4845 — 0.1156 In view (2B4.1-6.1) 
or 
VGF = —1.948 + 3.535S — 0.1613 In vaio (2B4.1-6.2) 


Where: 
v = kinematic viscosity at 100 or 210 F, centistokes. 


Procedure 


Step 1: Obtain the specific gravity (60 F/60 F), density at 68 F (20 C), and refractive index 
at 68 F (20 C) of the fraction. Estimate the refractive index, if unknown, from Procedure 
2B5.1. Estimate the density, if unknown, from methods of Chapter 6 or from equation 
(2B4.1-10) if appropriate. 
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Step 2: Estimate the molecular weight, if unknown, from Procedure 2B2.1 or Figure 2B2.2 
to establish whether the fraction is light or heavy. 

Step 3: Obtain the correct viscosities to use equations (2B4.1-5) or (2B4.1-6) as appropri- 
ate. If experimental values are unknown, use the methods of Chapter 11 for estimation. 

Step 4: Calculate VGC or VGF as appropriate and calculate R, from equations (2B4.1-4) 
through (2B4.1-6). 

Step 5: Calculate the mole fraction of paraffins, naphthenes, and aromatics from equations 
(2B4.1-1) through (2B4.1-3) respectively. The sum must equal 1.00. 


COMMENTS ON PROCEDURE 284.1 


Purpose 


Equations are given for calculating the molecular type distribution of straight run petro- 
leum fractions. 


Limitations 


This procedure was evaluated with petroleum fraction data having the following ranges of 
molecular weight, refractivity intercept, viscosity gravity constant or viscosity gravity func- 
tion, and composition. 

Range of Data 
Light fraction Heavy fraction 


Molecular weight 78-214 233-571 
R, 1,04-1.08 1.04-1.06 
VGC or VGF 0.57-1.52 0.79-0.98 
Xp 0.02-0.93 0.10-0.81 
Xn 0.02-0.46 0.13-0.64 
Xa 0.01-0.93 0.0-0.31 


The method may be used for petroleum fractions of molecular weight as low as 70. 
However, it should not be used outside the range of evaluated data. 


Reliability 


For the 85 light petroleum fractions tested, average deviations for x, and x, are 0.04 and 
0.06 mole fraction, respectively. For the 72 heavy fractions evaluated, average deviations of 
0.02 and 0.04 mole fraction occurred for x, and x,, respectively. 


Special Comments 
A. For highly aromatic fractions where detailed knowledge of aromatic types is required, 
the following equation is proposed to estimate monoaromatic content of the fraction 


Xma = — 62.8245 + 59.90816R, — 0.0248335m (2B4.1-7) 


Where: 
R; = refractivity intercept as given by equation (2B4.1-4). 
Xma = mole fraction of monoaromatics. 
m =a factor given by equation (2B.4.1-8). 
m = M(n — 1.4750) (2B4.1-8) 


in which M is the molecular weight. Equation 2B4.1-7 is applicable to fractions with molec- 
ular weights less than 250. 

Mole fraction of other types of aromatics (di- and polyaromatics) can be determined by 
difference between x, from equation (2B4.1-3) and xma from equation (2B4.1-7). 


Xpa = Xa — Xma (2B4.1-9) 


Where: 
Xpa = mole fraction of di- and polyaromatics. 


B. For petroleum fractions for which density at 68 F (20 C) needed for equation (2B4.1-4) 
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is not available, instead of using methods of Chapter 6, it could be more convenient to obtain 
this property using the following equations for fractions of molecular weight greater than 300: 


d = 2.83085M° 97 7118 (2B4.1-10) 


Where: 
d = liquid density at 68 F and 1 atmosphere, in grams per cubic centimeter. 
T, = mean average boiling point, in degrees Rankine. 
S = specific gravity, 60 F/60 F. 
T= Huang (1) characterization parameter at 68 F. 
n*—1 
n?+2° 
n = refractive index at 68 F and 1 atmosphere. 
M = molecular weight of petroleum fraction. 


Source 


Riazi, M. R., ‘Prediction of Thermophysical Properties of Petroleum Fractions,” Ph.D. 
Thesis, Department of Chemical Engineering, The Pennsylvania State University, University 
Park, Pa., 1979. 

Riazi, M. R., Daubert, T. E., Ind. Eng. Chem. Process Des. Dev. 19 289 (1980). 

Riazi, M. R., private communication (1985). 


Example 


Calculate the molecular type distribution of a petroleum fraction of specific gravity 0.9046 
at 60 F/60 F, a refractive index of 1.5002, a liquid density of 0.90 at 68 F, a mean average 
boiling point of 798 F, and a viscosity of 336 Saybolt universal seconds at 100 F. 

From equation (2B2.1-1), the molecular weight is: 


M = 20.486 exp (1.165 x 10°-* x 1258 — 7.78712 x 0.9046 
+ 1.1582 x 107? x 1258 x 0.9046)(1258)! 76°” (0.9046)* 95°" 
M = 378 
Thus, the fraction is heavy and the viscosity gravity constant should be used for correlation. 
From equation (2B4.1-5.1), the viscosity gravity constant is: 


_ (10)(0.9046) — (1.0752) log (336 — 38) 


Laconee [10 — log (336 — 38)] 
VGC = 0.8485 
From equation (2B4.1-4), the refractivity intercept is: 
R, = 1,5002- 93 = 1.05 


From equations (2B4.1-1), (2B4.1-2) and (2B4.1-3), using heavy fraction constants, the 
mole fractions are: 


Xp = 2.5737 + (1.0133)(1.05) — (3.573)(0.8485) 


Xp = 0.606 

x, = 2.464 — (3.6701)(1.05) + (1.96312)(0.8485) 

Xn = 0.275 

Xa = —4,0377 + (2.6568)(1.05) + (1.60988)(0.8485) 
Xa = 0.119 
=x = 1.000 


Experimental values of x,, x,, and x, are 0.59, 0.28, and 0.13, respectively. 
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2B5.1 
PROCEDURE 2B5.1 
REFRACTIVE INDEX OF PETROLEUM FRACTIONS 
Discussion 
Equation (2B5.1-1) is to be used to predict the refractive index of petroleum fractions. 
1/2 
1+2/ 
n= ( a } (2B5.1-1) 
Values of J may be calculated from equation (2B5.1-2). 
I = aexp (b7, +cS+dT, 8) TS (2B5.1-2) 
Where: 
a, b,c... f= constants varying with molecular weight range as given below. 
Constants Light Fractions Heavy Fractions 
Molecular weight range 70 - 300 300 - 600 
Boiling point range, F 90 - 650 650 -1000 
a 2.266 x 10°? 2.341 x 107 
b 3.905 x 104 6.464 x 10+ 
c 2.468 5.144 
d 5.704 x 104 —3.289 x 10+ 
e 0.0572 0.407 
f 0.720 3.333 
n = refractive index at 68 Fahrenheit. 
1 = Huang (1) characterization parameter at 68 Fahrenheit. 
T, = mean average boiling point, in degrees Rankine. 
M = molecular weight of petroleum fraction. 
d = liquid density at 68 F and 1 atmosphere, in grams per cubic centimeter. 
5S = specific gravity of petroleum fraction, 60 F/ 60 F. 
Procedure 
Step 1: Obtain the mean average boiling point and specific gravity of the petroleum fraction. 
Step 2: Calculate the characterizing parameter of Huang from equation (2B5.1-2). 
Step 3: Calculate the refractive index from equation (2B5.1-1). 
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2B5.1 


COMMENTS ON PROCEDURE 2B5.1 


Purpose 


The purpose of this procedure is to predict the refractive index of petroleum fractions at 68 F from 
the mean average boiling point and specific gravity. 


Limitations 


Equations (2B5.1-1) and (2B5.1-2) were evaluated using pure hydrocarbon refractive index data 
over the following range of molecular weight, normal boiling point, density, and refractive index. 


Range of Data 
Molecular weight 70 - 600 
Normal boiling point, degrees Fahrenheit 97 - 1000 
Specific gravity 0.63 - 1.1 
Refractive index at 68 F 1.35 - 1.65 
The method may be used safely to predict refractive index for a petroleum fraction with normal 
boiling point to 1500 F. 


Reliability 


Refractive index data for both pure hydrocarbons and petroleum fractions with molecular weights 
between 70 and 600 were evaluated. Below 300 molecular weight, experimental values of refractive 
index were reproduced to within an average error or 0.6 percent. Above 300, the average error was 
0.2 percent. 


Literature Source 


Riazi, M. R., “Prediction of Thermophysical Properties of Petroleum Fractions,” Ph.D. Thesis, 
Department of Chemical Engineering, The Pennsylvania State University, University Park, Pa., 1979. 
Riazi, M. R., private communication (1985). 
Example 


Calculate the refractive index of a petroleum fraction at 68 F with specific gravity 0.7322, and 
mean average boiling point 196 F. 
Using equation (2B5.1-2), 


I = 2.266 x 107? exp (3.905 x 10 J, + 2.4685 — 5.704 x 107},S) 7,°-572 s-0-720 
= 0.2460 


From the equation (2B5.1-1), the refractive index is: 


7 ( 1 +2 (0.2460) 


1/2 
1—0.2460 } meee 


The experimental value for the refractive index is 1.4074. 
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COMMENTS ON FIGURE 2B6.1 


Purpose 


The Watson characterization factor, K, of petroleum fractions which is used to estimate 
many other properties in subsequent chapters, has been correlated with many properties such 
as mean average boiling point, molecular weight, carbon-to-hydrogen weight ratio, and 
aniline point with either API or specific gravity. Figure 2B6.1 is provided for estimating the 
Watson K factor from the gravity and any one of the other properties. If the mean average 
boiling point and specific (or API) gravity are known, use the defining equation (2-0.8) given 
in the introduction for calculating the Watson K. 


Reliability 
The reliability depends on the accuracy of input parameters. 


Special Comments 


For heavy petroleum fractions (MW > 300) distillation data for determination of mean 
average boiling point usually are not available. For such fractions molecular weight and API 
gravity may be used to determine Watson K from Figure 2B6.1. If molecular weight is 
unknown, use Procedure 2B2.3 to estimate molecular weight from kinematic viscosities at 
100 F and 210 F. However, the use of API gravity with carbon-to-hydrogen weight ratio or 
aniline point is not recommended for determining Watson K factor. 

For heavy fractions when this figure cannot be used to determine Watson K, simple 
correlations given by Woodle (12) in terms of API gravity, flash point, aniline point or 
refractive index may be used to estimate the Watson K factor. 


Literature Source 
This figure was given by Winn, F. W., Petrol. Refiner 36[2] 157 (1957). 


Example 


Determine the Watson K factor of a petroleum fraction having an API gravity of 34.5, 
kinematic viscosity of 5.27 cSt 100 F and 1.70 cSt at 210 F. 
Using Procedure 2B2.3, to predict molecular weight, 


M = 247 
Using Figure 2B6.1, with M = 247 and API gravity of 34.5, 
K = 11.85 


Using its definition, equation (2-0.8), the Watson K is 11.89. 
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PROCEDURE 2B7.1 
FLASH POINT OF PETROLEUM FRACTIONS 


Discussion 
The following equation is used to estimate the flash point of petroleum fractions. 


2.84947 


= —0.014568 + T, 


+ 1.903 x 10° InT, (2B7.1-1) 


als 
Trp 
Where: 
Trp = flash point (Penske-Martens Closed Cup, ASTM D93) of petroleum fraction, in 
degrees Rankine. 
T, = ASTM 10% temperature for petroleum fractions or normal boiling point for pure 
compounds, in degrees Rankine. 


Procedure 


Step 1: Determine 10% ASTM D86 temperature. 
Step 2: Calculate the flash point using equation (2B7.1-1) or equivalent Figure 2B7.2. 
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COMMENTS ON PROCEDURE 2B7.1 


Purpose 

The purpose of this procedure is to predict the flash point (Pensky-Martens Closed Cup, 
ASTM D93) of petroleum fractions from ASTM 10% points. 
Limitations 


Equation (2B7.1-1) was evaluated over the following range of flash points and ASTM 10% 
or normal boiling points. 


Range of Data 


Flash point, F — 15-325 
ASTM 10% point or 
normal boiling point, F 150-1150 


The equation is not recommended outside of the above ranges. 


Reliability 

The equation reproduced experimental values of flash point to within an average error of 
12 F for 39 data points. 
Special Comments 

Figure 2B7.2 is a graphical representation of equation (2B7.1-1). 


Literature Source 
M. R. Riazi, private communication (1985). 


Example 


Determine the flash point of a petroleum fraction having an ASTM 10% temperature of 
454 F. 
From equation (2B7.1-1) 


ei __ 2.84947 _ 
Te = —0.014568 + 454 + 459.67 


Trp = 656.4 R = 196.7 F 


The experimental value is 200 F. 


+ 1.903 x 107° In (454 + 459.67) 


143322333 


1987 


Information Handling Services, 


2000 


API TDB CHAPTER*e ** HM 0732290 0536360 717 


2B7.2 


300 
poy Pe es ale 


Pr 
a ie 


250 


200 
rs 
ri 
jam 
pan) 
Ee 
ae 150 
fam 
LJ 
o. 
= 
Lu 
W100 
L 
i? 9) 
< 
=! 
~ 50 

FLASH POINT OF 
PETROLEUM FRACTIONS 
oO TECHNICAL DATA BOOK 
Dp JUNE 1986 
Approved: TED 
-50 
100 200 300 400 500 600 700 
ASTM 10% TEMPERATURE, F 
1987 2-35 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 14:33:25,338 


1987 


COPYRIGHT 2000 American Petroleum Institute 
14:32:33 


Febuary 22, 


2000 


API TDB CHAPTER*2 ** HM O732290 0536381 653 


PROCEDURE 268.1 


POUR POINT OF PETROLEUM FRACTIONS 


Discussion 


The following equation is used to estimate the pour point of petroleum fractions. 
Tpp _ 234.85 Ss? 970566 M° 61235—0 4735758) pooeies = 328348) (2B8. 1-1} 


Where: 
Tpp = pour point of petroleum fraction, in degrees Rankine 
Vio0 = kinematic viscosity at 100 F, in centistokes 
S = specific gravity at 60 F/60 F. 
M = molecular weight of petroleum fraction 


Equation 2B8.1-1 also is shown in Figure 2B8.2 in terms of molecular weight, kinematic 
viscosity and API gravity. At the bottom of the figure, the center portion is enlarged to show 
relationships between various parameters. Use of the figure requires location of the API 
gravity — 100 F viscosity in the center of the diagram followed by construction of a straight 
line between this point and molecular weight extrapolated to pour point. As interpolation is 
somewhat difficult, the figure should only be used for rough approximations. 


Procedure 


Step 1: Obtain the specific gravity of the petroleum fraction. 

Step 2: Obtain the kinematic viscosity of the petroleum fraction at 100 F; if unknown, use 
the methods of Chapter 11 for estimation. 

Step 3: Obtain the molecular weight of the petroleum fraction; if unknown, use Procedure 
2B2.1 or 2B2.3. 

Step 4: Calculate the pour point using equation (2B8.1-1) or equivalent Figure 2B8.2. 
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2B8.1 
COMMENTS ON PROCEDURE 2B8.1 
Purpose 
The purpose of this procedure is to predict the pour point of petroleum fractions from 
specific gravity at 60 F, molecular weight, and kinematic viscosity at 100 F. 
Limitations 
Equation (2B8.1-1) was evaluated over the following range of pour point, molecular 
weight, kinematic viscosity and API gravity. 
Range of Data 
Flash point, F —110-140 
Molecular weight 140-800 
Kinematic viscosity, cSt 1-3500 
API gravity 1-50 
The equation is not recommended outside of the above ranges. 
Reliability 
The equation reproduced experimental values of pour point to within an average error of 
7 F for over 300 data points. 
Special Comments 
Figure 2B8.2 is a graphical representation of equation (2B8.1-1). To use this figure, first 
locate the point for the appropriate API gravity and viscosity at 100 F. Then draw a straight 
line between molecular weight and this point to find the pour point. 
Literature Source 
M. R. Riazi, private communication (1985). 
Example 
Determine the pour point of a petroleum fraction having a molecular weight of 464, 
specific gravity at 60 F/60 F of 0.8800 and kinematic viscosity at 100 F of 64.4 cSt. 
From equation (2B8.1-1) 
Top = 234.85(0.88007 970566 (464)° 61235—0 47357 x 0 88) (64.4)° 310331 —G© 32834 = 0 8800) 
= 584R 
=124F 
The experimental value is 125 F. 
Using Figure 2B8.2: 
_ 141.5 _ = 
API = 0.88 131.5 = 29.3 
Vio0 = 64.4 cSt 
M = 464 
Read 7pp from graph. 
Tpp = 124 F 
2-38 1987 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 


Febuary 22, 2000 14:3: 3'25.33 


2000 


100 


150 


200 


250 


300 


350 


400 


450 


500 
550 


600 
650 
700 


750 
800 


1987 


API TDB CHAPTER*2 ** HM 0732290 0536383 42b @ 


FIGURE 2B8.2 
POUR POINT OF 
PETROLEUM FRACTIONS 


TECHNICAL DATA BOOK 
JUNE 1986 
Approved: TED 


MOLECULAR WEIGHT 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


143322333 


2B8.2 


150 


125 


100 


75 


F 
a 
2) 


ie) 
a 


POUR POINT, 
© 


-25 


~75 


-100 


-125 
2-39 


Information Handling Services, 


2000 


API TDB CHAPTER*2 ** MB 0732290 0536384 3b2 


BIBLIOGRAPHY 


1. Huang, P. K., “Characterization and Thermodynamic 
Correlations for Undefined Hydrocarbon Mixtures,” Ph.D. 
Thesis, Department of Chemical Engineering, The Pennsyl- 
vania State University, University Park, Pa., 1977. 

2. Lee, B. I., Kesler, M. G., “A Generalized Thermo- 
dynamic Correlation Based on Three-Parameter Correspond- 
ing States,” AIChE Journal 21 510 (1975). 

3. Maxwell, J. B., Data Book on Hydrocarbons, D. Van 
Nostrand Co., Inc., Princeton, N.J. (1950). 

4, Pitzer, K. S., “The Volumetric and Thermodynamic 
Properties of Fluids—I: Theoretical Basis and Virial Coeffi- 
cients,” J. Am. Chem. Soc. 77 3427 (1955). 

5. Pitzer, K. S., Lippmann, D. Z., Curi, R. F., Jr., Hug- 
gins, C. M., Petersen, D. E., “The Volumetric and Thermo- 
dynamic Properties of Fluids—IE: Compressibility Factor, Va- 
por Pressure, and Entropy of Vaporization,” J. Am. Chem. 
Soc 77 3433 (1955). 

6. Riazi, M. R., “Prediction of Thermophysical Properties 
of Petroleum Fractions,” Ph.D. Thesis, Department of 


1987 


Chemical Engineering, The Pennsylvania State University, 
University Park, Pa., 1979. 

7. Riazi, M. R., Private Communications (1985, 1986). 

8. Riazi, M. R., Daubert, T. E., “Prediction of the Com- 
position of Petroleum Fractions,” Ind. Eng. Chem. Process 
Des. Dev. 19 289 (1980). 

9. Smith, R. L., Watson, K. M., “Boiling Points and Crit- 
ical Properties of Hydrocarbon Mixtures,” Ind. Eng. Chem. 
29 1408 (1937). 

10. Watson, K. M., Nelson, E. F., “Improved Methods for 
Approximating Critical and Thermal Properties of Petroleum 
Fractions,” Ind. Eng. Chem. 25 880 (1933). 

11. Winn, F. W., ‘Physical Properties by Nomogram,” 
Petrol. Refiner 36[2] 157 (1957). 

12. Woodle, R. A., “New Ways to Estimate Characteriza- 
tion of Lube Cuts,”’ Hydrocarbon Process. 59(7) 171 (1980). 

13. Zhou, P., “Correlation of the Average Boiling Points 
of Petroleum Fractions With Pseudocritical Constants,” Jnt. 
Chem. Eng., 24 731 (1984). 


2-41 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


Information Handling Services, 2000 


API CHAPTER*3 9e MM O73ee90 O55e718 455 


CHAPTER 3 
PETROLEUM FRACTION 
DISTILLATION INTERCONVERSIONS 


Revised Chapter 3 to 5th Edition (1992) 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'25.33 


API CHAPTER*3 92 MM 0732290 0552719 351 


Copyright © 1994 American Petroleum Institute 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'235.33 


COPYRIGHT 2000 American Petroleum Institute 
14:32:33 


Febuary 22, 


2000 


API CHAPTER*3 Se MM 0732290 0552720 O03 


PREFACE 


The subject of distillation has been of continuing concern in the design and operation of 
petroleum refineries and related industries. Most of the procedures for interconversion of 
various distillation data in the previous editions were developed in the 1940s and 1950s. 
During the past two years, continued interest has led to the development of new analytical 
correlations for conversion of various distillation data. Detailed results of the methods test- 
ed and developed in the course of this work, together with the rationale for inclusion of the 
procedures in this chapter, are available in Documentation Report No. 3-93 available from 
University Microfilms, Inc., Ann Arbor, Michigan. 

The majority of work on this chapter was carried out by Thomas E. Daubert assisted by 
Nancy Crane Daubert. The chapter coordinating committee for the Technical Data 
Committee was Arthur E. Ravicz of Chevron Research and Technology Company, Chair; 
Sheldon J. Kramer of Amoco Oil Company, Dale Embry of Phillips Petroleum Company, 
and Peter Nick of Unocal. 


Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

June 1993 


Information Handling Services, 


2000 


API CHAPTER*3 Se MB 0732290 05527201 THT 


CHAPTER 3 


PETROLEUM FRACTION DISTILLATION INTERCONVERSIONS 


PAGE 
3.0" TROGUCHON: ws ee a Vaid aan belts ile Pets bebe Ped MaMa, 3-1 
Figure 3-0.1 Typical ASTM D86 and Simulated Distillation 
Curves for a Petroleum Fraction ............ 3-1 
Figure 3-0.2 ASTM, True Boiling Point, and Equilibrium 
Flash Vaporization Distillation Curves for a 
Naphtha-Kerosine Blend .................. 3-2 
Figure 3-0.3 Distillation Conversion Routes ............. 3-3 
Table 3-0.4 Summary of Correlations for Converting 
Distillation Data... .........0.200020-0000. 3-5 
3A ASTM, True Boiling Point and Simulated Distillation Relationships 
3A1. ASTM and True Boiling Point Distillation Relationships at 
Atmospheric Pressure 
Procedure 3A1.1 —_ Interconversion of ASTM D86-TBP 
Distillations at Atmospheric Pressure ........ 3-7 
3A2. ASTM and True Boiling Point Distillation Relationships at 
Subatmospheric Pressures 
Figure 3A2.1 Subatmospheric ASTM Distillation and True 
Boiling Point Distillation Relationship at 
10 mm Hg (1.33 kPa) .............00000.. 3-11 


3A3. ASTM, TBP, and Simulated Distillation Relationships at 
Atmospheric Pressure 
Procedure 3A3.1 Conversion of Simulated (ASTM D2887) to 
TBP Distillations at Atmospheric Pressure .... 3-13 
Procedure 3A3.2 Conversion of Simulated (ASTM D2887) to 
ASTM D86 Distillation at Atmospheric 


PreSSUTG: ix. esses etic cles tes dete ce gielenn nee ta 3-17 
3A4. Distillation Interconversions 
Procedure 3A4.1 — Interconversion of Distillation Data for 
Petroleum Fractions at Subatmospheric 
PLeSSUTCS: 5, ies aan clara otek ire oe Ue was 3-21 
Bibliography ® 2329s sedeuti Ore Berea, Gad Ole gi ead erat nnd Geet Voi arte Senay 3-23 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 


Febuary 22, 2000 143° 3'235.33 


API CHAPTER*3 92 MM 0732290 O55e?ee 6b 


CHAPTER 3 
PETROLEUM FRACTION DISTILLATION INTERCONVERSIONS 


3.0 INTRODUCTION 


ASTM and true boiling point (TBP) analytical dis- 
tillations are used to define the volatility characteristics of 
petroleum fractions and other complex mixtures. Both are 
batch distillations which differ mainly in the degree of 
fractionation obtained during the distillation. 

ASTM D86 and D1160 distillations are run in an Engler 
flask. No packing is employed, and reflux results only from 
heat losses through the neck of the flask. ASTM distillations 
are more widely used than TBP distillations because the 
former are simpler, less expensive, require less sample, and 
require only approximately one-tenth as much time. ASTM 
distillations are standardized. TBP distillations vary appre- 
ciably in procedure and apparatus. 

ASTM distillation methods in use today are: 


ASTM Method D86: This method is used for the distillation 
of motor gasolines, aviation gasolines, aviation turbine 
fuels, naphthas, kerosines, gas oils, distillate fuel oils, and 
similar petroleum products. It is carried out at atmospheric 
pressure. An exposed thermometer is used, and tempera- 
tures are reported without stem corrections. ASTM D86 
distillations are plotted in volume percent. 


ASTM Method D1160: This method is used for heavy 
petroleum products which can be vaporized partially or 
completely at a maximum liquid temperature of 750 F at 
absolute pressures down to 1 mm Hg and condensed at the 
pressures of the test. It is carried out at pressures between 
1 mm Hg and 50 mm Hg, absolute. Temperatures are mea- 
sured with a thermocouple. ASTM D1160 distillations are 
plotted in volume percent. 


ASTM Method D2887: Simulated distillation (SD) by gas 
chromatography appears to be the most simple, repro- 
ducible, and consistent method to describe the boiling range 
of a hydrocarbon fraction unambiguously. This method is 
applicable to all petroleum fractions with a final boiling 
point of 1000 F or less at atmospheric pressure. The method 
is also limited to samples having an initial boiling point of 
at least 100 F. Figure 3-0.1 shows a typical relation between 
ASTM D86 and ASTM D2887 distillations for a petroleum 
fraction. Simulated distillations are plotted in weight 
percent. 


ASTM Method D2892: This method is used for distillation 
of stabilized crude petroleum defined as having a Reid 
vapor pressure less than 12 psi. It employs a fractionating 
column of 14-18 theoretical stages operated at a reflux ratio 


1994 


of 5. The method is a form of true boiling point distillation 
for any petroleum mixture boiling above light naphthas and 
mixtures with final boiling points below 750 F. 


ASTM Method D3710: This method is used to determine 
the boiling range distribution of gasolines which do not 
exceed an atmospheric pressure final boiling point of 500 F. 


It is a gas chromatographic method otherwise similar to 
D2887. 


In ASTM D86, D1160, and D2892 distiliations there may 
be a residue left in the distillation equipment as well as a 
difference between the volume of the original charge and the 
sum of the distillate and residue. This difference is usually 
termed “loss” and is generally thought of as volatile compo- 
nents of the charge which have not been recondensed. For 
preparation of an ASTM distillation for conversion to a TBP 
distillation, the percent distilled at the reported temperature 
is the sum of the distillate collected and the loss. 

When heated sufficiently hot, petroleum fractions undergo 
thermal cracking. Although a function of chemical composi- 
tion, the amount and severity of thermal cracking increase 
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with increasing boiling point, contact time, pressure and 
temperature. Early editions of this chapter included a correc- 
tion for cracking for observed ASTM D86 temperatures above 
475 F. No correction for cracking is now recommended. 

TBP distillations are performed in columns with 15 to 100 
theoretical plates at relatively high reflux ratios (i.e., 5 to 1 
or greater). The high degree of fractionation in these distilla- 
tions gives accurate component distributions for mixtures. 
The lack of use of a standardized apparatus and operational 
procedure is a disadvantage, but the variations between 
various laboratories are small because a close approach to 
perfect separation by boiling point is usually achieved. A 
TBP curve is also shown in Figure 3-0.2 for comparison with 
an ASTM D686 distillation. 


400 
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Source: Edmister and Pollock, Chem. Eng. Progr. 44 905 (1948) 
Figure 3-0.2—ASTM, True Boiling Point, and Equilibrium 


Flash Vaporization Distillation Curves for a Naphtha- 
Kerosine Blend 
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An equilibrium flash vaporization is an experiment carried 
out at constant pressure to determine the temperature- 
volume percent distilled relation. The EFV curve is a plot of 
temperature against percent by volume of liquid distilled, at 
a constant pressure. Each point on the EFV curve represents 
a separate equilibrium experiment. The number of equilib- 
rium experiments needed to define all portions of the EFV 
curve varies with the shape of the curve. Normally, at least 
five such experiments are required. Figure 3-0.2 also shows 
the EFV curves of a naphtha-kerosine blend at atmospheric 
and several superatmospheric pressures compared to ASTM 
D86 and TBP distillations. The tedious procedures necessary 
to obtain experimental EFV data have made this type exper- 
iment quite rare at this time. Thus, correlations involving 
EFV have been eliminated from this chapter. 

Users are emphatically cautioned against relying heavily 
on results obtained from these correlations. Because of a 
lack of standardization and other inherent inadequacies in 
the methods, the existing ASTM, TBP, and SD data on the 
same fractions are not sufficiently precise or consistent to 
develop accurate correlations. Consult the Comments on 
each Procedure for the accuracy of each method before use. 

The correlations of this chapter were developed using data 
for hydrocarbon stocks and fractions which included many 
components and exhibited smooth distillation curves. The 
correlations do not apply to mixtures of few compounds with 
widely different boiling points. 

A schematic diagram of the interconversion procedures is 
shown in Figure 3-0.3. Correlations are summarized in Table 
3-0.4. 

Correlations in this chapter are empirical in nature and are 
arranged according to the various pairs between ASTM, 
TBP, and SD relations. 


Section 3Al ASTM-TBP (Atmospheric) 

Section 3A2 ASTM-TBP (Subatmospheric) 

Section 3A3 SD-TBP-ASTM (Atmospheric) 

Section 3A4 Interconversions at Subatmospheric 
Pressures 


Use of Procedures 


Procedures in this chapter are interconnected and are in 
most respects consistent. In addition, all predicted distilla- 
tion curves are of the correct shape. Careful study of Figure 
3-0.3 and Table 3-0.4 gives the method(s) to be used for each 
conversion. It should be noted that in some cases alternative 
paths are possible. The narrative below describes the proce- 
dures to be used in each case. 

Procedure 3A1.1 (Step 1) allows interconversion between 
ASTM D86 and TBP distillations. Expected average errors 
are given in the Comments. 
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Procedure 3A3.1 (Step 3) allows direct interconversion of 
ASTM D2887 (Simulated) and TBP distillations with excel- 
lent accuracy as shown in the Comments. 


Procedure 3A3.2 (Step 4) relates ASTM D2887 (Simu- 
lated) and ASTM D86 distillations with accuracy as given 
in the Comments. This conversion route should not be used 


for fractions with D86 distillation temperatures above 
600 F. 


The conversion of Simulated to TBP distillations can also 
be carried out in two steps (4 and 1) with little degradation 
of the prediction. See discussion in Procedure 3A3.]. 


Figure 3A2.1 (Step 2) allows conversion of ASTM 
D1160 to TBP distillations at 10 mm mercury total pressure 
after which Procedure 344.1 (Step 5) can be used to convert 
the TBP to atmospheric pressure. This method is only rec- 


ommended for development of a TBP distillation curve if 
neither an ASTM D86 or simulated distillation are available 
as the curve, though reasonably shaped, was not able to be 
verified since insufficient experimental data were available. 


Equilibrium flash data, while probably more reproducible 
than ASTM and TBP data, are obtained using different 
types of apparatus and many variations in procedure. A 
computer method for flash calculations and estimation of 
equilibrium K-Values for petroleum fractions using a modi- 
fied Soave-Redlich-K wong (6) equation of state is included 
in Chapter 8. 


NOTE: A report which documents the basis upon which the material 
in all editions of this chapter was selected has been published by the 
American Petroleum Institute as Documentation Reports No. 3-66, 
No. 2, 3-86, and No. 3-93. All data used for development of predic- 
tion methods are referenced in these reports. 


TABLE 3-0.4—-SUMMARY OF CORRELATIONS FOR CONVERTING 
DISTILLATION DATA 


Data Available Data Desired 
Pressure, Pressure, Conversion Method 

Type mm Hg Type mm Hg Steps in Fig. 3-0.3 
ASTM D2887 (SD) 760 ASTM D86 760 4 
ASTM D86 760 TBP 760 1] 
ASTM D1160 10 TBP 10 2 
ASTM D1160 10 TBP 760 2,5 
ASTM D1160 10 ASTM D86 760 2,5, 1 
TBP 10 TBP 760 5 
ASTM D2887 (SD) 760 TBP 760 3 
ASTM D1160 i TBP 760 5, 2,5 
ASTM D1160 1 ASTM D86 760 5, 2,5, 1 
ASTM D1160 100 TBP 760 5, 2,5 
ASTM D1160 100 ASTM D86 760 5,2,5,1 


Note: All ASTM D86 temperatures at 760 mm Hg are observed values. 
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3A1.1 
PROCEDURE 3A1.1 
INTERCONVERSION OF ASTM D86—TBP 
DISTILLATIONS AT ATMOSPHERIC PRESSURE 
Discussion 
The following equation is used to convert an ASTM D86 distillation 50% point temperature to a 
true boiling point distillation 50% point temperature. 
TBP (50) = 0.87180 (ASTM D86 (50) ) 1°58 GAL.1-1) 
Where: 
TBP (50) = true boiling point distillation temperature at 50 volume percent distilled, 
degrees Fahrenheit. 
ASTM D86 (50) = observed ASTM D86 distillation temperature at 50 volume percent 
distilled, degrees Fahrenheit. 
To determine the difference between adjacent cut points, use the following equation: 
y= AX? GA1.1-2) 
Where: 
Y; = difference in true boiling point distillation temperature between two cut points, degrees 
Fahrenheit. 
X; = observed difference in ASTM D86 distillation temperature between two cut points, 
degrees Fahrenheit. 
A,B = constants varying for cut point ranges, described as follows. 
Maximum 
Cut Point Allowable 
i Range A B X;.(F) 
1 100% - 90% 0.11798 1.6606 - 
2 90% - 70% 3.0419 0.75497 100 
3 10% - 50% 2.5282 0.82002 150 
4 50% - 30% 3.0305 0.80076 250 
5 30% - 10% 4.9004 0.71644 250 
6 10% - 0% 7.4012 0.60244 100 
To determine the true boiling point temperature at any percent distilled, add or subtract the proper 
difference(s) from the predicted 50% true boiling point temperature. 
TBP (0) = TBP (50)—-Y,-Y5-Y¢ 
TBP (10) = TBP (50)-Y,-Y; 
TBP (30) = TBP (50)-Y, (3A1.1-3) 
TBP (70) = TBP (50)+Y; 
TBP (90) = TBP (50)+ Y3 + Y 
TBP (100) = TBP (50)+Y3 +Y2+Y, 
Procedure 
Step 1; Use equation (3A1.1-1) to calculate the TBP distillation temperature at 50% distilled. 
Step 2: Use equation (3A1.1-2) to calculate necessary TBP differences. 
Step 3: Use equation(s) (3A1.1-3) to calculate desired TBP distillation temperatures. 
To determine the ASTM D86 distillation temperatures from the TBP distillation temperatures, 
reverse the procedure. Thus, equation (3A1.1-1) becomes 
(ASTM D86 (50) ) = exp [a ee (3A1.1-4) 
1.0258 
Similarly, all equations (3A1.1-2) can be reversed, and all equations (3A1.1-3) can be modified by 
changing TBP to ASTM. 
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3A1.1 
COMMENTS ON PROCEDURE 3A1.1 
Purpose 
The purpose of this procedure is to predict a TBP distillation at atmospheric pressure from an 
ASTM D§6 distillation or the reverse by hand or by computer. 
Limitations 
Because experimental data on higher boiling fractions are quite scattered, all derivations were 
carried out on fractions having an ASTM 50% point temperature of 480 F and below. However, the 
correlation extrapolates well to fractions with ASTM 50% point temperatures up to 600 F. Care should 
be taken in extrapolating above this point. In addition, initial and final boiling point data are scarce 
and inaccurate. Thus, values for these points should be taken as rough approximations. 
Reliability 
Differences between the estimated and experimental TBP values at various volume % distilled 
points are given below. 
TBP (predicted) — TBP (experimental) 
Volume % Distilled Average Bias 
0 21.9 F -7.8 F 
10 9.0 -1.8 
30 5.7 0.4 
50 47 -0.1 
70 5.6 1.1 
90 TA 2.3 
100 4.2 4.0 
Seventy-one sets of data were used in development, although fewer points were available at the 0 and 
100% points. Average error is defined as the sum of the absolute values of the differences between 
predicted and experimental] temperatures divided by the number of data points, while bias error sums 
the actual values of the differences. 
Special Comment 
This method was derived from all data available to the project and was judged to be the most 
appropriate form for interconversion among the various types of distillations. As additional data 
become available, the constants in equations (3A1.1-1 and 3A1.1-2) can easily be improved. In 
addition, users may wish to check the correlation with their proprietary data before using it. 
Literature Source 
This method was developed by the API Technical Data Book Project at The Pennsylvania State 
University. 
Example 
Estimate the atmospheric TBP distillation temperatures for a petroleum fraction having the 
experimental ASTM Dé86 distillation temperatures given in the following table. The experimental 
TBP temperatures are given for comparison with the predicted temperatures. 
Volume percent distilled ............ 10 30 50 70 90 
ASTM D86 temperature, F .......... 350 380 404 433 469 
TBP temperature, F ................ 321 371 409 447 491 
Using equation (3A1.1-1) 
TBP (50) = 0.87180 (404)!.0258 
= 411.2 F 
Using equation (3A1.1-2) at the 30% point 
Y4 = 3.0305 [X4]°30076 
where X4 = 404 - 380 = 24 F 
therefore, Y, = 38.6 F 
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Using equation (3A1.1-3) at the 30% point 
TBP (30) = TBP (50) -Y4 
= 411.2 - 38.6 = 372.6 F 


Similarly, using equations (3A1.1-2) and (3A1.1-3) at the other cut points, 
Y2 = 45.5, Y3 = 40.0, Ys = 56.0 


TBP (10) = 372.6 ~56.0= 316.6 F 
TBP (70) = 411.2 + 40.0=451.2F 
TBP (90) = 451.2 + 45.5 = 496.7 F 


The reverse conversion from experimental TBP temperatures to ASTM D86 temperatures is 
illustrated only for the 50% and 30% points. 


(1) Use equation (3A1.1-4) to convert the experimental TBP 50% point temperature. 


In (409/0.87180)] _ 
1.0258 ] ee 


(2) Use equation (3A1.1-2) to determine the 50 to 30% ASTM increment. 


ASTM D86 (50) = exp/ 


% E (Y¥, 73.0305 ] 
a UE Seong, lp 
where Y, = 409 — 371 = 38 


(3) ASTM D86 (30) = ASTM D86 (50) - X, 
401.9 — 23.5 
378.4 F 
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3A2.1 


COMMENTS ON FIGURE 3A2.1 


Purpose 
This figure relates ASTM D 1160 and TBP distillation data at 10 mm Hg absolute pressure. 


Reliability 


No quantitative evaluation of the correlation could be made because of lack of data. The original 
reference indicates that temperatures from this method will be within 25 F of the actual values. 


Special Comment 
The ASTM D 1160 and TBP 50-percent points at 10 mm Hg are assumed to be equal. 


Literature Source 


Adapted from Edmister and Okamoto, Petrol. Refiner 38 [9] 271 (1959); copyrighted in 1959 by 
Gulf Publishing Company, Houston, Texas. 


Example 


Estimate the TBP curve at 10 mm Hg for a petroleum fraction having the following ASTM D 1160 
distillation temperatures at 10 mm Hg: 


Distillation, percent by volume ............ 10 30 50 70 90 
Temperature, deg FF ..............2.0000. 300 400 475 550 650 


First, from Fig. 3A2.1, find the temperature differences for each segment of the TBP curve at 
10 mm Hg: 


10 mm Hg 10 mm Hg TBP 
ASTM D 1160 Temperature 
Temperature Difference 
Segment of Curve Difference (from Fig. 3A2.1) 
(Percent by Volume) (Degrees Fahrenheit) Degrees Fahrenheit) 
10 to 30 100 106 
30 to 50 75 82 
50 to 70 75 75 
70 to 90 100 100 


The TBP temperatures are then calculated. The ASTM D 1160 and TBP distillation 50-percent tem- 
peratures are assumed to be equal at 10 mm Hg absolute pressure. Here, the 50-percent temperature 
is 475 F: 


30-percent temperature = 475-82 =393F 70-percent temperature = 475+75 =550F 
10-percent temperature = 393 - 106 = 287 F 90-percent temperature = 550 + 100 = 650 F 
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PROCEDURE 3A3.1 


CONVERSION OF SIMULATED (ASTM D2887) 
TO TRUE BOILING POINT DISTILLATION 
AT ATMOSPHERIC PRESSURE 
Discussion 


The tre boiling point temperature at 50 volume percent distilled is taken to be equal to the 
simulated distillation temperature at 50 weight percent distilled. 


TBP (50) = SD (50) (3A3.1-1) 
Where: 


TBP (50) = tue boiling point temperature at 50 volume percent distilled, degrees Fahrenheit. 
SD (50) = simulated distillation temperature at 50 weight percent distilled, degrees Fahrenheit. 


To determine the difference between adjacent cut points, use the following equation. 


W,=cy (3A3.1-2) 
Where: 
W; = true boiling point temperature difference between two cut points, degrees Fahrenheit. 
V; = simulated distillation temperature difference between two cut points, degrees Fahrenheit. 
C,D = constants varying for cut point ranges, described as follows. 
Approximate 
Maximum 
Cut Point Allowable 
i Range Cc D V;, (F) 
1 100% - 95%* 0.02172 1.9733 30 
2 95% - 90% 0.97476 0.8723 40 
3 90% - 70% 0.31531 1.2938 75 
4 70% - 50% 0.19861 1.3975 75 
5 50% - 30% 0.05342 1.6988 75 
6 30% - 10% 0.011903 2.0253 75 
7 10% - 5% 0.15779 1.4296 40 


*approximate—use with care 


To determine the true boiling point temperature at any percent distilled, add or subtract the proper 
difference(s) from the predicted 50% true boiling point temperature. 


TBP (5) = TBP(50)-Ws-We-W; 

TBP (10) = TBP(50)-W;-W, 

TBP (30) = TBP(50)—W; 

TBP (70) = TBP(50)+W, (3A3.1-3) 
TBP (90) = TBP(50)+W,+W3 

TBP (95) = TBP (50) +W4+W3+W5 

TBP (100) = TBP (50)+W4+W3 + W>+W, 


Procedure 


Step 1: Use equation (3A3.1-1) to calculate the TBP at the 50% distilled point. 
Step 2: Use equation (3A3.1-2) to calculate necessary TBP differences. 
Step 3: Use equation(s) (3A3.1-3) to calculate desired TBP temperatures. 
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3A3.1 
COMMENTS ON PROCEDURE 3A3.1 
Purpose 

The purpose of this procedure is to predict a TBP distillation at atmospheric pressure from a 
simulated distillation by hand or by computer. 
Limitations 

Data sets with TBP 50% points between 250 and 700 F were used in deriving this correlation. 
Although the correlation extrapolates well, use of the resulting temperature-% distilled data outside 
the limits is not encouraged. Also, as final boiling point data are not generally accurate, values for 
these points should only be taken as rough approximations. 

Reliability 

Differences between the predicted and experimental TBP temperatures at various % distilled points 

are given below. 
TBP (predicted) —- TBP (experimental) 
% Distilled Average Bias 
5 21.7 F 2.1 F 
10 19.7 0.2 
30 12.3 1.0 
50 9.6 0.6 
70 11.0 -1.4 
90 12.6 -14 
95 12.1 —2.6 
100 8.1 -8.0 

Twenty-one data sets were used in development of this procedure, except at the 100% point where 
only 8 sets were available. The initial boiling point is not included, as the data scatter is so great that 
the correlation is meaningless. 

Special Comment 

This method was derived from all data available to the project and was judged to be the most 
appropriate form for interconversion among various types of distillations. As additional data become 
available, the constants in equations (3A3.1-2) can easily be improved. In addition, users may wish 
to check the correlation with their proprietary data before using it. 

A two step procedure giving essentially equivalent results for materials with TBP temperatures 
below 600 F consists of step 4 followed by step 1 of Figure 3-0.3. The table below shows an error 
analysis, carried out on 19 sets of data for which ASTM D86, TBP, and SD were available, which 
confirms this conclusion. This method should be limited to fractions boiling below 600 F. 

Conversion of Simulated to TBP Distillation 
Comparison of Two-Step Procedure with One-Step Procedure—Error Analysis 
Conversion of SD to ASTM 
D86 by Step 4 followed by 
Conversion of Calculated Conversion of SD to 
ASTM D86 to TBP by Step 1 TBP by Step 3 
Errors, F Errors, F 
% Data 
Distilled Points Ave Bias Ave Bias 
0 18 32.3 -29.0 - - 
10 19 12.2 -9.2 19.7 0.2 
30 19 8.4 -2.7 12.3 1.0 
50 19 74 0.3 9.6 0.6 
70 19 9.0 2.3 11.0 -1.4 
50 19 11.3 3.0 12.6 ~1.4 
100 8 5.6 4.5 8.1 ~-~8.0 
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Literature Source 


This method was developed by the API Technical Data Book Project at The Pennsylvania State 


University. 


Example 


Estimate the atmospheric TBP distillation temperatures for a petroleum fraction having an experi- 
mental simulated distillation as given in the following table. Experimental TBP temperatures are 


given for comparison with the calculated temperatures. 


% distilled .......2........ 5 10 
SD temperature, F .......... 293 305 
TBP temperature, F ......... 321 322 


Using equation (3A3.1-1) 
TBP (50) = SD (50) = 336 F 
Using equation (3A3.1-2) at the 30% point 
Ws = 0.05342[ Vs]!-6988 
where Vs = 336 - 324 = 12 
therefore Ws = 3.6 F 
Using equation (3A3.1-3) at the 30% point 
TBP (30) = TBP — W, 
= 336 - 3.6 = 332.4F 


Similarly, using equations (3A3.1-2) and (3A3.1-3) at other cut points 


W2= 7.3F TBP (95) =350.1+ 7.3=357.4F 
W3=10.5F TBP (90) = 339.6 + 10.5 = 350.1 F 
Wi= 3.6F TBP(70)=336 + 3.6=339.6F 
We= 4.7F TBP (10) =332.4- 4.7=327.7F 
Wr= 5.5 F TBP( 5)=327.7- 5.5=322.2F 
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3A3.1 
70 90 95 
344 359 369 
337 345 348 
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PROCEDURE 3A3.2 


CONVERSION OF SIMULATED (ASTM D2887) 
TO ASTM D86 DISTILLATION 
AT ATMOSPHERIC PRESSURE 


Discussion 


The ASTM D86 temperature at the 50 volume percent distilled point may be calculated from the 
simulated distillation temperature at the 50 weight percent distilled point. 


ASTM (50) = 0.77601 (SD (50) )°3° (3A3.2-1) 


Where: 


ASTM (50) = ASTM D86 temperature at 50 volume percent distilled, degrees Fahrenheit. 
SD (50) = simulated distillation temperature at 50 weight percent distilled, degrees Fahrenheit. 


To determine the difference between adjacent cut points, use the following equation. 


U = ETS (3A3.2-2) 
Where: 


U; = ASTM D686 distillation temperature difference between two cut points, degrees Fahrenheit. 
T; = SD temperature difference between two cut points, degrees Fahrenheit. 
£,F = constants varying for cut point ranges, described as follows. 


Approximate 
Maximum 
Cut Point Allowable 
I Range E F T;,, (F) 
1 100% - 90% 2.6029 0.65962 100 
2 90% - 70% 0.30785 1.2341 100 
3 70% - 50% 0.14862 1.4287 100 
4 50% - 30% 0.07978 1.5386 100 
5 30% - 10% 0.06069 1.5176 150 
6 10% - 0% 0.30470 1.1259 150 


To determine the true boiling point temperature at any percent distilled, add or subtract the proper 
difference(s) from the predicted 50% tue boiling point temperature. 


ASTM (0) = ASTM (50)—U,—Us— Ug 

ASTM (10) = ASTM (50)-U,—-Us 

ASTM (30) = ASTM (50) - Uj, 

ASTM (70) = ASTM (50) +U; (3A3.2-3) 
ASTM (90) = ASTM (50)+U3 +U; 

ASTM (100) = ASTM (50) +U; +U>+U, 


Procedure 


Step 1: Use equation (3A3.2-1) to calculate the TBP at the 50% distilled point. 
Step 2: Use equation (3A3.2-2) to calculate necessary TBP differences. 
Step 3: Use equation(s) (3A3.2-3) to calculate desired TBP temperatures. 
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3A3.2 
COMMENTS ON PROCEDURE 3A3.2 
Purpose 
The purpose of this procedure is to predict ASTM D86 distillation temperature from simulated 
distillation data by hand or by computer. 
Limitations 
Data sets with ASTM D86 50% points between 150 and 600 F were used in deriving this correla- 
tion. Although the correlation extrapolates well, use of the resulting temperature-% distilled data 
outside the limits is not recommended. Some evidence shows errors to be significantly higher above 
a 600 F boiling point. As initial and final boiling point data are inaccurate, values for these points are 
only rough approximations and should not be used for design. 
Reliability 
Differences between the predicted and experimental ASTM D86 temperatures at various % 
distilled points are given below. 
TBP (predicted) — TBP (experimental) 
% Distilled Average Bias 
0 21.5 F 8.0 F 
10 8.6 3.2 
30 5.3 0.9 
50 78 <0.1 
70 45 -0.1 
90 9.6 ~18 
100 19.5 -9.6 
Approximately 125 data sets were used in development. 
Special Comment 
This method was derived from all data available to the project and was proven to be the most 
accurate form for interconversion among all types of distillations. As additional data become 
available, the constants in equations (3A3.2-1 and 3A3.2-2) can easily be improved. In addition, users 
may wish to check the correlation with their proprietary data before using it. 
Literature Source 
This method was developed by the API Technical Data Book Project at The Pennsylvania State 
University. 
Example 
Estimate the atmospheric ASTM D86 distillation temperature of a petroleum fraction having an 
experimental simulated distillation as given in the following table. Experimental ASTM D86 
temperatures are given for comparison with the calculated temperatures. 
% distilled .............-.. 0 10 30 50 70 90 100 
SD temperature, F .......... 77 93 148 215 285 360 408 
ASTM D86 temperature, F ... 104 134 163 208 269 335 390 
Using equation (3A3.2-1) 
ASTM (50) = 0.77601 (215)1.0395 = 206.3 F 
Using equation (3A3.2-2) at the 30% point 
U4 = 0.07978 T,!9386 
where T, = 215 — 148 = 67 
therefore U, = 51.5 F 
Using equation (3A3.2-3) at the 30% point 
ASTM (30) = 206.3 - 51.5 = 154.8 F 
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3A3.2 


Similarly, using equation (3A3.2-2) and (3A3.2-3) at other cut points 


U, = 28.6 F ASTM (100) = 334.0 + 28.6 = 362.6 F 
U, = 63.4 F ASTM (90) = 270.6 + 63.4 = 334.0 F 
U3; = 64.3 F ASTM $ (70) = 206.3 + 64.3 = 270.6 F 
Us = 26.5 F ASTM (10) = 154.8 — 26.5 = 128.3 F 
Ug= 6.9F ASTM (0)=128.3- 6.9=121.4F 
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3A4.1 
PROCEDURE 3A4.1 
INTERCONVERSION OF DISTILLATION DATA FOR PETROLEUM 
FRACTIONS AT SUBATMOSPHERIC PRESSURES 
Discussion 
The following procedure is recommended to convert ASTM or TBP distillation data between 
subatmospheric pressures (usually 1, 10, 100 mm Hg) and between subatmospheric pressures and 
atmospheric pressure (760 mm Hg). 
Procedure 
A. Data at Subatmospheric Pressure 
Step 1: Assume the Watson K of the petroleum fraction is 12, and convert the data using Procedure 
5A1.19. 
Step 2: Since the Watson K is set at 12, no Watson K correction is necessary. 
B. Data at Atmospheric Pressure 
Step 1: If the specific gravity and mean average boiling point are known or can be calculated, 
determine the Watson K from the defining equation (2-0.8). Otherwise assume K = 12. 
Step 2: Follow Procedure 5A1.19. 
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3A4.1 
COMMENTS ON PROCEDURE 3A4.1 
Purpose 
The purpose of this procedure is to convert petroleum fraction ASTM or TBP distillations from 
one pressure to another up to atmospheric pressure. This procedure is intended for both desk and 
computer use. 
Limitations 
Limitations are the same as given for Procedure 5A1.19. 
Reliability 
Reliability is the same as given for Procedure 5A1.19. If the Watson K is taken to be 12, larger 
errors will result, especially for highly aromatic fractions. 
Example 
Consider a 31.4° API Saudi Arabian crude for which extensive TBP data are available. Four 
experimental TBP distillation data points are: 
Measured TBP Pressure, Volume API 
Temperature, F mm Hg % Distilled Gravity 
450 760 30 44.5 
252 10 34 40.8 
463 10 58 26.3 
403 1 62 24.7 
Interconvert these data to distillation temperatures at each of 1, 10, and 760 mm Hg pressure. 
Although it is not necessary in this case, assume K = 12 and read results directly from Figure 
5A1.20b. The measured temperature at one pressure can be converted to each of the other two 
pressures. The results are given below: 
Volume % Distilled 
30 34 58 62 
Pressure, mm Hg TBP Temperature, F 
760 450* 492 742 782 
10 218 252* 463* 498 
1 144 175 370 403* 
*Experimental values. 
Each tabulation shows good consistency. In this case, note that the actual Watson K is calculable for 
the first point and could be used with the full Procedure 5A1.19. For example, for the first point: 
K = (450 +460) “?/[141.5/ (131.5 + 44.5)] = 12.06 
The Watson K for the entire crude, assuming a MeABP of 617 F, is 11.8 and could be used as an 
estimate for all fractions distilled at subatmospheric pressure. 
3-22 1994 
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PREFACE 


In 1966 the first edition of the Technical Data Book—Petroleum Refining was 
published by the American Petroleum Institute and included a chapter on the 
estimation of the critical properties of hydrocarbons. The Subcommittee on Tech- 
nical Data of the Division of Refining, which was responsible for the publication, 
noted at that time that there was a paucity of both data and correlations for the 
critical properties of mixtures. This resulted in a project being initiated under 
Professor Webster B. Kay at The Ohio State University to determine critica! prop- 
erties of hydrocarbon mixtures. This project continued for six years and obtained 
data on 120 different systems and in itself dwarfed all previous data available. 

From 1970 to 1973, using all new data and correlations available, the Data Book 
group in the Department of Chemical Engineering at The Pennsylvania State Uni- 
versity revised and extended Chapter 4. Detailed results of the methods and of the 
evaluations using the experimental data are available in Documentation Report No. 
4-73 available from University Microfilms, Ann Arbor, Michigan. In 1980 Figures 
4D3.1, 4D3.2, and 4D4.1 were replaced with Procedures 4D3.1 and 4D4.1. These 
procedures are documented in Documentation Report No. 2-81 also available from 
University Microfilms. 

The major work on this chapter was carried out by Mr. Calvin F. Spencer, 
Research Assistant in Chemical Engineering, reporting to Drs. Thomas E. Daubert 
and Ronald P. Danner. Miriam K. Maslanik, Research Assistant in Chemical 
Engineering, aided in preparing the 1980 update. The chapter coordinator for the 
Subcommittee on Technical Data was Joseph E. Wolf of Amoco Oil Company. 

From 1983 to 1985, methods for prediction of critical properties for pure hydro- 
carbons and defined hydrocarbon mixtures were reevaluated leading to the current 
revision. Mr. J. Richard Elliott, Research Assistant in Chemical Engineering, car- 
fied out much of the work. The revisions are documented in Documentation Report 
No. 4-85 available from University Microfilms. Dr. J. G. Spiro, Gulf Canada, Ltd. 
was the chapter coordinator for the Technical Data Committee. 

In 1985 methods for prediction of critical properties of undefined mixtures 
were reviewed and revised. Dr. M. R. Riazi, Assistant Professor of Chemical 
Engineering, carried out this work. Revisions are documented in Documen- 
tation Report No. 2,3-86 available from University Microfilms. Dr. T. E. Daubert 
directed the work and Dr. J. G. Spiro was coordinator for this portion of the work. 


Thomas E. Daubert 

Ronald P. Danner 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, Pennsylvania 16802 
September 1986 
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CHAPTER 4 
CRITICAL PROPERTIES 


4-0 INTRODUCTION 


The actual experimental or true critical temperature 
and pressure of pure compounds and of mixtures are of 
importance in determining existing phase conditions 
and permissible operating ranges of reactors and mass 
transfer equipment such as distillation columns and ex- 
tractors. Critical properties of pure compounds are also 
essential to calculate pseudocritical properties used 
throughout the Technical Data Book in the theorem of 
corresponding states (54) for the estimation of thermo- 
dynamic and volumetric properties of mixtures, A pseu- 
docritical or molar average property is a calculated value 
that cannot be measured under any circumstances. 

Critical temperatures and pressures for pure hydro- 
carbons and a number of nonhydrocarbons are given in 
Chapter 1. Critical compressibility factors are given in 
Chapters 1 and 2. 


The Critical State of Mixtures and 
the Two-Phase Envelope 


The conditions of equilibrium for coexisting vapor 
and liquid phases of a pure substance are defined on a 
pressure-temperature diagram by the vapor pressure 
curve. This curve starts at the triple point, where vapor, 
liquid, and solid phases are in equilibrium, and ends at 
the critical point. As the critical point is approached by 
the coexisting phases, their properties approach each 
other until they become identical at the critical tem- 
perature and pressure, where a single homogeneous 
phase is present. 

In the case of homogeneous mixtures of liquids, va- 
porization at a constant pressure takes place over a 
range of temperatures instead of at the single temper- 
ature associated with the vapor pressure of pure 
substances. Consequently, the vaporization of multi- 
component liquids requires two curves on the pressure- 
temperature diagram to define the boiling character- 
istics instead of a single vapor pressure curve. To 
illustrate, Figure 4-0.1 shows a part of a pressure- 
temperature diagram for a hypothetical liquid mixture. 
In this diagram, the two-phase region is enclosed by the 
envelope Lpy CTy which consists of the ‘““bubble—point” 
curve, Lpy C, and the “‘dew-point” curve, V7y C. Their 
common point, C, is the critical point at which the 
coexisting liquid and vapor become a single homogene- 
ous phase. 

The significance of the bubble-point and dew-point 
curves may be demonstrated by following either an iso- 


1987 


baric or an isothermal path across the envelope so that 
both bubble-point and dew-point curves are crossed. 
For example, the constant pressure path of Case I be- 
tween points / and 2 in Figure 4-0.1 crosses the bubble- 
point curve at A. Starting at J in the homogeneous 
liquid region, increasing the temperature of the system 
causes no change in the state of aggregation of the 
mixture until the temperature corresponding to point A 
is reached. At this point vaporization begins, and, as 
the temperature is increased further, the liquid in the 
system decreases in quantity while the vapor phase in- 
creases. Foliowing the same path in the reverse direc- 
tion, from point 2 in the homogeneous vapor region 
toward point J, no change takes place in the vapor 
phase until the dew-point curve is crossed at B, where 
condensation of vapor commences. As the temperature 
is reduced further, more vapor condenses until, at point 
A on the bubble-point curve, the system is completely 
liquid. 


LIQUID 


LIQUID 
AND 


VAPOR 


TEMPERATURE 


Figure 4-0.1—Pressure Temperature Diagram for a 
Mixture of Constant Composition Near the Critical Point 
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Case II shows a typical example of vaporization or 
condensation at constant temperature. In this case, be- 
tween points 3 and D, the path is in the homogeneous 
vapor region. Between D on the dew-point curve and E 
on the bubble-point curve, condensation takes place 
with rising pressure until, at E, the system is entirely 
liquid. From E to point 4, the state of aggregation of the 
mixture is not changed by the constantly increasing 
pressure. 

One of the important characteristics of the pressure- 
temperature diagrams of mixtures is that the curve 
defining the envelope enclosing the two-phase region 
can have maximum values of pressure and temperature 
that are not necessarily coincident with the critical 
point. This is illustrated in Figure 4-0.1, where a maxi- 
mum pressure occurs at py and a maximum tempera- 
ture at Zy. The maximum pressure, py, is frequently 
referred to as the cricondenbar, which is an abbrevi- 
ation for the critical condensation pressure. Similarly, 
the maximum temperature, Jy, 1s known as the cri- 
condentherm to indicate the critical condensation tem- 
perature. Etter and Kay (16), Grieves and Thodos (19), 
and Silverman and Thodos (54) have presented correla- 
tions for estimating these maximum values. 

The points py and Ty on the bubble-point and dew- 
point curves of Figure 4-0.1 make it possible to: 


1. Follow an isobaric path at a pressure higher than the 
critical pressure, such as Case III, which crosses the 
bubble-point curve twice without crossing the dew- 
point line. 

2. Follow an isothermal path at a temperature higher 
than the critical temperature, such as Case IV, which 
crosses the dew-point curve twice without crossing the 
bubble-point curve. 


These possibilities give rise to vaporization and con- 
densation phenomena which differ from those of Cases 
I and If, whose paths are respectively at a pressure and 
a temperature lower than the critical pressure and tem- 
perature. In Case III, for example, the isobaric path 
between points 5 and 6 is at a pressure intermediate 
between the critical and maximum pressures and 
crosses the bubble-point curve at F and G. Because of 
this, whether the temperature rises or falls, the initial 
point of intersection with the bubble-point curve coin- 
cides with the beginning of vaporization for the path 
being followed. Inasmuch as the path must return to the 
homogeneous liquid phase without crossing the dew- 
point curve, if it is continued to the second point of 
intersection, it is evident that vaporization must first 
increase from zero, go through a maximum, and then 
decrease to zero again upon its second crossing of the 
bubble-point curve. In these circumstances, the part of 
the isobaric path between points F and G which lies 
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between the point of maximum vaporization and G in- 
volves either condensation with a rising temperature or 
vaporization with a falling temperature, depending 
upon the direction it takes. This anomalous behavior is 
termed “isobaric retrograde vaporization” by Sage and 
Lacey (60). 

In Case IV, an isothermal path at a temperature be- 
tween the critical temperature of the system and the 
maximum on the dew-point curve is taken between 
points 7 and 8, in the homogeneous vapor region. This 
path crosses the dew-point line at H and J giving rise to 
somewhat similar anomalous vaporization and conden- 
sation phenomena as that illustrated by Case III. Be- 
cause this case is associated with the dew-point curve, 
Sage and Lacey refer to this anomaly as “isothermal 
retrograde condensation.” For a more detailed dis- 
cussion of the retrograde phenomena associated with 
the two-phase region near the critical point of mixtures, 
the reader is referred to Katz and Kurata (24), and Sage 
and Lacey. 


The Critical Locus 


The two-phase envelope illustrated in Figure 4-0.1 
represents the pressure-temperature relationships in 
the critical region for a mixture having a defined com- 
position. Any change in the composition of the mixture 
is reflected in changes in the curves enclosing the two- 
phase region. The critical temperature and pressure will 
change, and the maximum pressure and temperature 
and the slopes of the bubbie-point and dew-point lines 
will all be different. 

Figure 4-0.2 illustrates the effects of changes in com- 
position on the shape of the two-phase envelope and its 
associated variables. The figure represents the pressure- 
temperature diagrams of Kay (26) for ethane and 
n-heptane and three mixtures in the critical region. Of 
the three two-phase envelopes given in Figure 4-0.2, the 
one indicated by the symbol C, for the binary mixture 
containing 9.78 percent by weight ethane is the one that 
approaches most closely the diagram presented in Fig- 
ure 4-0.1 for a hypothetical mixture. In those labeled C, 
and C, there are conspicuous differences in all of the 
varibles mentioned previously. The change of position 
of the critical point relative to the maximum values of 
temperature and pressure found on the three envelopes 
shown is of concern here. Comparison of the three en- 
velopes presented in Figure 4-0.2 with that of Figure 
4-0.1, for example, shows that the critical point appar- 
ently can be located anywhere around the closed end of 
the envelope between the vicinities of A and H in Figure 
4-0.1. When the mixture contains a relatively high pro- 
portion of the light component, the critical point will 
probably be found between points A and E in Figure 
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Figure 4-0.2—Critical Locus for the Ethane—n-Heptane 
System and Envelopes for Three Binary Mixtures (23) 


4-0.1. When the concentration of the volatile com- 
ponent is smaller than that of the less volatile one, the 
critical point will probably lie between E and H in Fig- 
ure 4-0.1. One of the consequences of this variation in 
the relative positions of critical points, cricondenbars, 
and cricondentherms is that the character of the retro- 
grade phenomena described previously varies for each 
case. The types of retrograde phenomena described in 
association with Figure 4-0.1, for example, are only two 
out of a total of eight possibilities described by Sage and 
Lacey, if the full range of compositions between light 
and heavy components is considered. 

The broken line of Figure 4-0.2, connecting the crit- 
ical point of ethane with that of n-heptane and drawn 
tangent to each composition envelope at its critical 
point, is known as the critical locus. On such a locus 
only one critical pressure occurs for each critical tem- 
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perature, and each critical point is associated with only 
one composition. 

In practice, critical loci for multicomponent systems 
are of greater concern than are those of binary systems. 
The aforementioned principles developed for binary 
systems with the aid of Figure 4-0.2, however, can easily 
be shown to apply for multicomponent systems. It is 
only necessary to imagine one or both of the vapor 
pressure curves of the binary system to have been re- 
placed by envelopes representing pressure-temperature 
diagrams of mixtures of fixed composition. Then each 
terminus of the critical locus that represents the critical 
point of a mixture, such as point C of Figure 4-0.1, may 
be considered to be the critical point of a “‘pseudo- 
component.” 

As long as the pseudocomponents involved in the 
substitution remain unchanged in composition, the crit- 
ical locus associated with them will be fixed, and the 
pressure-temperature envelopes of all intermediate 
compositions can be defined as binary mixtures of the 
two. In a mixture of several pure components of varying 
volatility, for example, the two pseudocomponents re- 
quired to establish the termini of the critical locus for 
the mixture may be chosen so that the vapor pressure 
curve of the most volatile component provides the 
pressure-temperature relationship of one of the compo- 
nents of the hypothetical binary mixture. The other 
component needed to establish the critical locus then 
becomes the two-phase envelope that defines pressure- 
temperature relations of the multicomponent mixture 
consisting of all the remaining components of the mix- 
ture under consideration. This means that in a pressure- 
temperature diagram, such as Figure 4-0.2, the vapor 
pressure curve of the heavy component in the binary 
system is replaced by the two-phase envelope of a cer- 
tain mixture of the combined heavier components con- 
sidered as a pseudocomponent. At the same time, the 
vapor pressure curve of the light pure component con- 
tinues to represent the pressure-temperature relation- 
ship for the more volatile component of the pseudo 
binary system used as a more tractable substitute for the 
entire multicomponent system considered. 

Mixtures considered as pseudocomponents must 
have rigidly fixed compositions so that the envelopes 
representing the intermediate compositions can be de- 
fined as binary mixtures of the two terminal pseudo- 
components. Any change of composition in the pseudo- 
component mixtures obviously will displace the critical 
point to be used as a terminus of the critical locus for 
what is, in effect, a different system. 

The critical locus illustrated in Figure 4-0.2 is typical 
of many commonly known systems. For this reason, 
most present methods of predicting critical tem- 
peratures and pressures of hydrocarbon mixtures pre- 


4-3 


Information Handling Services, 


2000 


API TDB CHAPTER*4 ** BB O732290 0536415 4O]l 


4-0 


suppose systems which form that type of critical locus. 
For convenience, this common type of critical locus is 
referred to in this chapter as Type I. 

There are at least four other types of critical loci to 
which the available correlations for predicting critical 
temperatures and pressures do not apply. So far, two of 
these four reported types of critical loci are for binary 
systems containing methane, but these phenomena 
have not yet been explored sufficiently to exclude with 
certainty such compounds as ethane, propane, butane, 
and ethylene from similar behavior under analogous 
conditions. Kay (28) has stated that such deviant behav- 
ior exists in binary systems containing methane with 
n-hexane and higher homologs. With ethane as the 
common component, loci other than Type I occur only 
when the second component has 20 or more carbon 
atoms. For propane and n-butane, the behavior begins 
at higher molecular weights. 


In the absence of experimental data, at least in the 
case of binary mixtures, it may be expected that, when 
the heavy component has a melting point equal to or 
greater than the critical temperature of the light com- 
ponent, the critical locus of the mixture will depart from 
the Type I form. Whether or not this departure con- 
tinues to exist when components of intermediate vol- 
atility are added to such a binary mixture is not certain. 
It is suspected, however, that the presence of compo- 
nents of intermediate volatility tends to normalize the 
critical locus of a mixture whose terminal components 
would form an anomalous critical locus when they con- 
stitute a binary mixture. If the components of inter- 
mediate volatility are present in sufficient numbers and 
concentrations, the critical locus of the resulting multi- 
component mixture might even appear to have the Type 
I form. 

The following are the systems known to form anoma- 
lous types of critical loci: 

Type II: Methane-n -heptane system (6, 32). The crit- 
ical locus extends from the critical point of n-heptane to 
lower temperatures and ends at a temperature below 
the critical temperature of methane and a pressure 
above the critical pressure of methane. The end of this 
critical locus is its intersection with another critical locus 
of two liquid phases and a solid phase. The methane-» - 
octane and methane-n-nonane systems are expected to 
behave similarly. 

Type II: Methane—n-decane system (5). The critical 
locus extends from the critical point of n-decane to 
lower temperatures and ends at both a higher tempera- 
ture and a higher pressure than the critical values for 
methane. This critical locus ends in a critical point 
which is also the terminus of a gas-liquid-solid locus. 
Figure 4-0.3 is the pressure-temperature diagram for 
this system showing the anomalous behavior described. 
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PRESSURE, psia 


200 400 


TEMPERATURE, F 


Figure 4-0.3—Critical Locus for the Methane—n-Decane 
System (52) 


Analogous behavior should be expected for all binary 
systems containing methane and a component with a 
higher freezing point than n-decane. 

Type IV: Azeotropic binary systems. Some, but not 
all, form critical loci with a minimum critical tempera- 
ture, such as that illustrated in Figure 4-0.4 for the 
acetylene-ethylene system (9). 

Type V: Benzene-water system (5). The gas-liquid 
critical locus extends from the critical point of benzene 
and ends at the three-phase critical end point. The 
three-phase critical end point is the highest temperature 
at which all three phases coexist; above that, the hydro- 
carbon rich liquid phase disappears. Experimental 
values for three phase critical endpoints of several 
hydrocarbon-water systems are tabulated in Chapter 9. 


Effect of Size, Shape, and Chemical Nature of the 
Components on the Critical Locus 


An excess critical property is defined as the differ- 
ence between the value of the true critical property of 
a mixture and the molar average of the critical proper- 
ties of the pure components. The excess property, the 
deviation of the critical locus from ideal mixture behav- 
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ior, is useful in studying trends in critical properties 
because difference quantities magnify the effects of the 
factors being studied. An increase in the excess critical 
properties indicates a greater nonideality of a mixture 
and a greater curvature of the critical locus curve. 

Studies by Kay (30) have shown that excess critical 
properties are affected in some complex manner by 
differences in molecular size, molecular structure, and 
chemical nature of the components. 

By examining a large amount of binary data, Kay (30) 
noted the following trends in the critical loci and excess 
critical properties in systems containing a common 
component. 


4-0 


P-T Critical Loci for Systems Whose Components 
Belong to the Same Homologous Series 


Where the components of the system are about the 
same molecular weight, the critical locus curve ap- 
proaches a straight line. (See Figure 4-0.5-a.) As the 
relative size difference increases, the locus curve 
changes to a curved line, concave downward, and a 
maximum pressure point appears. With further in- 
creases in the relative size difference, the maximum 
pressure increases and may attain a very high value 
relative to the critical pressures of the pure compo- 
nents. 


PRESSURE, psia 


TEMPERATURE, F 


Ethane 
(Mole Percent) 
Unknown 
18 
Unknown 
30 


Figure 4-0.4—Critical Locus for the Ethyne-Ethene (Acetylene—Ethylene) System and Envelopes 
for Four Binary Mixtures (6) 
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P-T Critical Loci for Systems Whose Components 
Belong to Different Homologous Series 


The trends are generally the same as homologous 
systems with regard to size although differences in 
chemical nature and molecular structure play a part that 
is not clearly discernible. (See Figure 4-0.5-b and -c.) 
Because the critical temperatures of n-hexane and 
n-heptane are lower than that of cyclohexane, the crit- 
ical loci cross over from one side of cyclohexane to 
the other side as the molecular weight of the paraffin 
is increased. The same relation is observed in the 
benzene-paraffin series. However, this series is differ- 
ent from the cyclohexane-paraffin series because the 
critical locus of benzene—n-octane has a minimum tem- 
perature point that suggests the presence of a critical 
azeotrope. Approximately of the same size but be- 
longing to completely different homologous series are 
n-hexane, cyclohexane, and benzene. (See Figure 
4-0.5-d.) Therefore, differences in their loci with a com- 
mon component may be considered to be due, prin- 
cipally, to the differences in their molecular structure 
and chemical nature. The same is true for o-xylene and 
ethylbenzene which have the same molecular weight 
but different molecular structures. 


Excess Critical Temperature for Systems 
Whose Components Belong to the Same 
Homologous Series 


A plot of excess critical temperature, T?, as a func- 
tion of composition is not necessarily symmetrical. (See 
Figure 4-0.6-a.) The maximum T¢ are shifted toward the 
more volatile component. For a constant difference in 
molecular weight, the lower the molecular weight of the 
components, the greater the maximum 7;. (See Figure 
4-0.7b.) As the difference in molecular weight between 
components increases, the maximum T; is greater, the 
lower the average molecular weight. 


Excess Critical Temperature for Systems 
Whose Components Belong to Different 
Homologous Series 


The plots are asymmetrical and show the transition 
from a minimum 7 (negative) to a maximum T (posi- 
tive) as the difference in the size of the components 
increases. (See Figure 4-0.6-b and -c.) Maximum T¢ are 
approximately the same when component molecules 
are of the same size even though the molecular structure 
and/or chemical nature are different. (See Figure 
4-0.6-d.) This indicates that the effect of size is greater 
than that of structure and chemical nature. 
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Excess Critical Pressure for Systems 
Whose Components Belong to the Same 
Homologous Series 


The same trends as given for excess critical tempera- 
ture apply. (See Figure 4-0.7-c and -d and Figure 
4-0.8-c.) 


Excess Critical Pressure for Systems 
Whose Components Belong to Different 
Homologous Series 


The plots are highly asymmetric for the systems of 
cyclohexane and benzene with n-paraffins. (See Figure 
4-0.8-a and -b.) As the molecular weight of the paraffin 
decreases, the pf becomes more negative and then re- 
verses after the n-heptane binary to become less nega- 
tive. As the size difference gets larger, the curves show 
a transition in which both a minimum p; and a max- 
imum p exist. Systems of cis-decalin with n-hexane, 
cyclohexane, and benzene exhibit a maximum p; (posi- 
tive). (See Figure 4-0.8-d.) The maximum p? tends to 
shift toward the higher mole percent of the lower molec- 
ular weight component as observed in other binary sys- 
tems. The maximum pé value is greatest for n-hexane 
but is almost the same for benzene and cyclohexane. 
This is to be expected because n-hexane differs from 
cis-decalin in size, structure, and chemical nature, 
whereas benzene and cyclohexane differ from cis- 
decalin in size but have a ring structure. The difference 
in chemical nature between benzene and cis-decalin 
seems to be negligible. The excess critical pressures are 
practically the same for the physical isomers ethyl- 
benzene and o-xylene. 


Pseudocritical Temperature and Pressure 


The use of the theorem of corresponding states for 
the correlation of the properties of hydrocarbon mix- 
tures requires the correlating parameters known as the 
reduced temperature and the reduced pressure. For 
pure substances, these are the quotients of the tempera- 
ture and pressure of interest divided by the critical 
temperature and the critical pressure of the pure com- 
pound. For hydrocarbon mixtures, the corresponding- 
states correlations apply when pseudocritical tempera- 
tures and pressures are used. The pseudocritical 
properties are not experimentally determined values 
but are obtained by Kay’s empirical equation (25). 

A pseudocritical property of a defined hydrocarbon 
mixture is the sum of the products of the mole fraction 
of each pure component and its respective critical 
property value. 
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Figure 4-0.5—P-T Critical Loci of Binaries Containing a Common Component and a Representative 
from a Homologous Series 
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Figure 4-0.6—Excess Critical Temperature vs Composition for Representative Binary Systems 
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Figure 4-0.7—The Effect of Relative Size and Absolute Molecular Weight on the Excess Functions 
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ae (4-0.1) 


Where: 
J, = pseudocritical property (temperature, pressure, 
or volume) of the mixture. 
n =number of components in mixture. 
x, = mole fraction of pure component i in the mix- 
ture. 
J., = critical property of pure component i. 


Because of these methods of calculation, the pseudo- 
critical temperatures and pressures are always less than 
the so-called true critical values of the same mixture 
with mixtures following a Type I locus. In Figure 4-0.1, 
for example, the point (p,-,7;.) might represent the 
pseudocritical temperature and pressure of the mixture 
whose true critical value is at point C in the same 
pressure-temperature diagram. For the same reason, 
the locus of the pseudocritical point is a straight line for 
the full range of composition of a mixture such as that 
illustrated in Figure 4-0.2. 

For undefined mixtures, a pseudocritical property 
may be defined by a particular correlation. The pseudo- 
critical temperature defined by Procedure 4D3.1 is an 
example of such a correlation. 

Other rules for obtaining “‘pseudo” values for the 
critical properties are available, and some of these rules 
have been used in other chapters of the Technical Data 
Book. However, when the temperature or pressure is 
predicted by some rule other than equation (4-0.1), the 
resulting values are referred to as the mixture corre- 
spondence temperature and mixture correspondence 
pressure and are useful only in their specific procedure. 


Critical Temperature 


A list of experimental critical temperatures for many 
pure compounds is given in Chapter 1. To predict the 
critical temperature of other pure compounds, use Pro- 
cedure 4A1.1 or Procedure 4A2.1. Procedure 4A1.1 
may be more useful when all the critical properties of a 
compound are desired. Procedure 4A2.1 is a simple 
regression equation. 

Procedure 4B1.1 and an optional computer method 
(Procedure 4B4.1) are given for calculating the true crit- 
ical temperature of a defined mixture. Specific rec- 
ommendations and restrictions are given for bi- 
nary hydrocarbon-hydrocarbon, binary hydrocarbon- 
nonhydrocarbon, and multicomponent mixtures. 

The true critical temperature of natural gas mixtures 
can be calculated from Figure 4C1.1. A natural gas 
contains a large amount of methane and sometimes an 
appreciable amount of hydrogen, helium, nitrogen, and 
carbon dioxide. 
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The method for obtaining the true critical tempera- 
ture of petroleum fractions is described in Procedure 
4D 1.1. Pseudocritical temperatures of petroleum frac- 
tions can be estimated from Procedure 4D3.1 using spe- 
cific gravity and mean average boiling point as input 
parameters. 

The method of obtaining the true and pseudocritical 
temperatures of mixtures of known hydrocarbons and 
one or more petroleum fractions is described in Proce- 
dure 4D3.2. This method should not be used as an 
alternative for Procedure 4B1.1 or 4D1.1. 


Critical Pressure 


A list of experimental critical pressures is given in 
Chapter 1. To predict the critical pressure of a pure 
compound, use Procedure 4A1.1. This is a group con- 
tribution method and the required increments are given 
in Table 4A1.2. 

The true critical pressure of defined mixtures may be 
calculated by hand from Procedure 4B2.1. The proce- 
dure is most accurate for mixtures containing only 
hydrocarbons. Restrictions are stated for mixtures con- 
taining methane and inorganic gases. An alternate com- 
puter method, Procedure 4B4.1, is more reliable for 
critical pressures. 

Use Figure 4D2.1 to calculate the true critical pres- 
sure of petroleum fractions. The ASTM slope, ASTM 
volumetric average boiling point, and the API gravity of 
the fraction, all of which are needed for this method, 
are usually directly determined from standard inspec- 
tion tests or can be calculated from standard inspection 
tests. Chapter 2 may be helpful when using this method. 

The pseudocritical pressure of a petroleum fraction 
can be estimated from Procedure 4D4.1 using specific 
gravity and mean average boiling point as input param- 
eters. The method for obtaining the true and pseudo- 
critical pressure of mixtures of known hydrocarbons 
and one or more petroleum fractions is described in 
Procedure 4D4.2 and is illustrated by a numerical exam- 
ple. This method should not be used as an alternative 
for Procedure 4B2.1 or Figure 4D2.1. 


Critical Volume 


A list of some experimental critical volumes is given 
in Chapter 1. The critical volume of pure compounds 
may be estimated by Procedure 4A1.1 or 4A3.1. Proce- 
dure 4A1.1 may be more useful when all the critical 
properties of a compound are desired. However, Pro- 
cedure 4A3.1 is much simpler if critical temperature 
and critical pressure are known. 
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Procedure 4B3.1 is used to predict the critical volume A method for predicting the critical volume of petro- 
of a defined mixture. Procedure 4B4.1 may also be used leum fractions is given by Hall and Yarborough (22). 
as a computer method. No methods are recommended Since few experimental data exist, this method could 
for the critical volume of natural gases or petroleum not be evaluated in the preparation of this chapter. 
fractions. 
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PROCEDURE 4A1.1 


GROUP CONTRIBUTION METHOD FOR CALCULATING THE CRITICAL 
TEMPERATURE, PRESSURE AND VOLUME OF A PURE HYDROCARBON 


Discussion 


The following equation is to be used to calculate the critical pressure of a pure hydro- 
carbon. Since the technique uses the group contribution method, the structure of the com- 
pound must be known. 


14.5M 


Pe™ (9339+ 54, — 0.026 A Platt #)° Gane) 


Where: 
P- = critical pressure of pure hydrocarbon, in pounds per square inch absolute. 
M = molecular weight. 
EA, = summation of critical pressure group contributions. 

A Platt # =the Platt number of any alkyl chains in the compound minus the Platt number 
of the n-alkane with the same number of carbons. The Platt number is the 
number of pairs of carbon atoms which are separated by three carbon-carbon 
bonds and is an indicator of the degree of branching in the molecule. The Platt 
number of an n-alkane is equal to the number of carbons minus three. Further 
discussion of the Platt number is given by Wiener, J. Am. Chem. Soc., 69, 17 
(1947). 


Procedures consistent with this method are given below for critical temperature and critical 
volume of a pure hydrocarbon. These procedures are of practically equivalent accuracy to 
procedures 4A2.1 and 4A3.1. 


1 
(1.242 + ZAr— 0.023 A Platt #) 


T= a + (4A1.1-2) 


V. = 0.01602 [40 + 3A, ] (4A1.1-3) 


Where: 
T. = critical temperature of pure hydrocarbon, in degrees Rankine. 
V. = critical volume of compound in cubic feet per pound-mole. 
T, = boiling temperature of compound in degrees Rankine. 


Procedure 


Step 1: Obtain the molecular weight and boiling temperature from Chapter 1. 

Step 2: Determine the structure of the compound. 

Step 3: Obtain the needed group contributions from Table 4A1.2. 

Step 4: Sum these group contributions to obtain ZA, , ZAr or ZA,. 

Step 5: Compute the desired critical property from equation (4A1.1-1), (4A1.1-2) or 
(4A1.1-3). 
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COMMENTS ON PROCEDURE 4A1.1 


Purpose 


Equations are given for calculating the critical properties of pure hydrocarbons. For many 
hydrocarbons, Chapter 1 lists experimental critical properties; these are to be preferred when 
available. However, for compounds containing 12 carbon atoms or more, including an alkyl 
chain, even “measured” critical properties may not be reliable, because of thermal decom- 


position at elevated temperatures. 


Limitations 


The equations are applicable to all hydrocarbon families provided the structure of the 


compound is known. The equation was evaluated for C:-C2o paraffins and for 


C3-C4 com- 


pounds for all other families. The accuracy of results for critical pressure and critical volumes 
of compounds with more than twelve carbons may be questionable. Maximum deviations 


should be expected for cycloalkanes. 


Reliability 
P. Ll. 
Average percent deviation 2.2 0.7 3.4 
Average deviation 10.2 psia 7.6R 
Maximum percent deviation 18.7 8.0 15.6 
Maximum deviation 165.8 psia 98.1 R 


Literature Source 


yw 


0.2 ft?/lb-mole 


1.4 ft?/lb-mole 


Adapted from Ambrose, D., “Correlation and Estimation of Vapor-Liquid Critical 


Properties, I. Critical Temperatures of Organic Compounds,” National Physical 


Laboratory, 


Teddington, NPL Report 92 (Sept. 1978/corrected Mar. 1980b), and Ambrose, D., “Cor- 
relation and Estimation of Vapor-Liquid Critical Properties, II. Critical Pressures and Crit- 
ical Volumes of Organic Compounds,” National Physical Laboratory, Teddington, NPL 


Report 98 (May 1979). 


Examples 
1. 2,2,3 Trimethylpentane 


From Chapter 1, the molecular weight is 114.230 and the boiling point is 229.72 F. From 


Table 4A1.2, the increment contributions are: 


Group # # of occurrences LA, ZA; 
1 5 5(0.226) 5(0.138) 
2 1 0.226 0.138 
3 1 0.220 0.095 
4 1 0.196 0.018 
The summations are: 1.772 0.941 
A Platt # =8-5=3 
From equation (4A1.1-1): 
p= (14.50)(114.230) = 400.75 psia 


~ [0.339 + 1.772 — 3(0.026)/ 
From equation (4A1.1-2): 


1 


| 101550 R= 555. 
[L242 0941 =0.003G))| (OO R= 5 F 


T= 65.35 + 


From equation (4A1.1-3): 
V. = (40 + 415.8)(0.01602) = 7.302 ft?/lb mole = 0.0639 cu ft per Ib 

Experimental values are: 
Z. = 554.63 F 


P. = 395.91 psia V. = 0.0611 cu ft per Ib 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


1433.23.33 


SA, 
5(55.1) 


1987 


Information Handling Services, 


2000 


API TDB CHAPTER*Y xx MM 0732290 0536430 O72 


2. 2-Methyl-1-butene 


From Chapter 1, the molecular weight is 70.13 and the boiling point is 88.09 F. 
From Table 4A1.2, the increment contributions are: 


Group # # of occurrences 
1 2 
2 1 
5 1 
7 1 


The summations are: 
A Platt=2-2=0 
From equation (4A1.1-1): 


P= 


From equation (4A1.1-2): 
T. = 547.76} 1 + 


From equation (4A1.1-3): 


A, 


2(0.2260) 


0.2260 
0.1935 
0.1875 
1.0590 


sn OO 
[0.339 + 1.059 — 0.026(0)* 


(1.242 + 0.597 — 0.023(0)) 


V. = (40 + 247.5)(0.01602) = 4.606 ft*/Ib mole = 0.0657 cu ft per Ib 


Experimental values are: 
T. = 378.0 F 


3. cis-Decalin 


P. = 493.0 psia 


From Chapter 1 the molecular weight is 138.25 and the boiling point is 384.47 F. From 


Table 4A1.2, the increment contributions are: 


Group # # of occurrences 
li 8 
13 2 


The summations are: 


No alkyl side chains, therefore A Platt = 0. 


From equation (4A1.1-1): 
P. 


From equation (4A1.1-2): 
= ws.06 + 


From equation (4A1.1-3): 


_ (138.252)(14.5) 
[0.339 + 1.820]° 


(1.242 + 0.780) 


YA, 


8(0.1820) 


2(0.1820 
1.820 


= 430.06 psia 


V. = (445 + 40)(0.01602) = 7.770 ft/lb mole = 0.0562 cu ft per Ib 


Experimental values are: 
T. = 804.38 F 


4, tert-Butyl benzene 


P. = 470.27 psia 


From Chapter 1, the molecular weight is 134.22 and the boiling point is 336.41 F. From 


Table 4A1.2, the increment contributions are: 


Group # # of occurrences 
1 3 
4 1 
18 1 


The summations are: 
A Platt=O-1=-1 
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ZA 


3(0.2260) 


0.1960 
0.9240 
1.7980 


4A1.1 

LAr ZA, 

2(0.138) 2(55.1) 
0.138 55.1 
0.113 45.1 
0.070 37.1 
0.597 247.5 

= 520.3 psia 
= 845.61 R = 385.93 F 
V. = 0.0667 cu ft per Ib 

2Ar ZA, 

8(0.090) 8(44.5) 

2(0.030) 2(44.5) 
0.780 445 

| = 1261.50 R = 801.83 F 
¥. = 0.0556 cu ft per lb 

2A, ZAy 

3(0.138) 3(55.1) 
0.018 38.1 
0.458 222 
0.890 425.4 
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From equation (4A1.1-1): 
(134.221)(14.5) 


Fe= 19.339 + 1.7980 — 0.026(—1)F ~ 419-98 Psia 
From equation (4A1.1-2): 
1 
= TOI Ln OO ON | = .50 R = 705.82 F 
rE 76.08 [1.242 + 0.890 — 0.023(—1)] i165 138 


From equation (4A1.1-3): 


V, = [425.4 + 40](0.01602) = 7.456 ft/lb mole = 0.0555 cu ft per Ib 


Experimental values are: 


T. = 728.33 F P. = 430.80 psia VY = 0.0587 cu ft per Ib 


5. Anthracene 


From Chapter 1, the molecular weight is 178.23 and the boiling point is 646.16 F. From 


Table 4A2.2, the increment contributions are: 


Group # # of occurrences ZA, ZA;r 
19 1 0.894 0.448 
29 2 2(0.515) 2(0.220) 
The summations are: 1.924 0.888 


A Platt # is zero because there are no alkyl chains. 
From equation (4A1.1-1): 


_ (178.233)(14.5) 


a [0.339 + 1.924]? 


= 504.64 psia 
From equation (4A1.1-2): 


1 


Es 105.91 * 242 + 0.888) 


From equation (4A1.1-3): 


| = 1625.00 R = 1165.3 F 


ZA, 
222 


<8 


V, = (518 + 40)(0.01602) = 8.939 ft?/Ib mole = 0.0502 cu ft per Ib 


Experimental values are: 


T. = 1104.53 F P, = 484.43 psia V. = 0.0498 cu ft per Ib 
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4A1.2 
TABLE 4A1.2 
GROUP INCREMENTS FOR EQUATIONS 4A1.1-1t THROUGH 4A1.1-3 
Group Group 
Number Description Ap; AT; Av; 
1 —CH; 0.2260 0.138 55.1 
SS 
2 ia 0.2260 0.138 55.1 
\ 
3 a 0.2200 0.095 47.1 
SK 
E O01 38.1 
4 DEN 0.1960 0.018 
5 ==CH, 0.1935 0.113 45.1 
6 =CH— 0.1935 0.113 45.1 
S 
7 mae 0.1875 0.070 37.1 
8 =C= 0.1610 0.088 35.1 
9 =CH 0.1410 0.038 35.1 
10 =C— 0.1410 0.038 35.1 
Ring Increments 
N\ 
11 Pa) 0.1820 0.090 44.5 
\ 
12 ea 0.1820 0.090 44.5 
N : ; 
13 ee fused ring 0.1820 0.030 44.5 
NW” 
14 Cc 0.1820 0.090 44.5 
GON 
15 =CH— 0.1495 0.075 37.0 
/ 
16 =CL 0.1495 0.075 37.0 
17 =C= 0.1170 0.060 29.5 
1992 4-17 
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Aromatic Compounds 


18 
19 
20 
21 
2 
23 
24 
25 
26 
27 


28 


29 


ATO QVGIAG 


oe Sleds 3 
i in fused ring 


0.9240 
0.8940 
0.9440 
0.9440 
0.8640 
0.9140 
0.8340 
0.8840 
0.8840 
0.8040 
0.7240 


0.5150 


0.458 
0.448 
0.488 
0.488 
0.438 
0.478 
0.428 
0.468 
0.468 
0.418 
0.368 


0.220 


222 
222 
222 
222 
222 
222 
222 
222 
222 
222 
222 


148 


\ 
* Group contributions for ye and ie in fused rings have been calculated from minimal data and may 


be less reliable than the other values in Table 4A1.2. 
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4A2.1 
PROCEDURE 4A2.1 
EQUATION FOR CALCULATING THE CRITICAL 
TEMPERATURE OF A PURE HYDROCARBON 
Discussion 
The following equation is to be used to calculate the critical temperature of pure hydrocar- 
bons. It is applicable for all families of hydrocarbons. 
logio T= A+B logio(sp gr) + C logio 7, (4A2.1-1) 
Where: 
T. =critical temperature of pure hydrocarbon, in degrees Rankine. 
A,B,C = empirically derived constants (specific for each family). 
sp gr = specific gravity, 60 F/60 F. 
T, = normal boiling point, in degrees Rankine. 
Procedure 
Step 1: Obtain the normal boiling point and specific gravity of the compound from 
Chapter 1. 
Step 2: Obtain the values of A, B, and C from Table 4A2.2. 
Step 3: Calculate the critical temperature using equation (4A2.1-1). 
TABLE 4A2.2 
VALUES OF COEFFICIENTS FOR EQUATION 4A2.1-1 FOR CALCULATING 
CRITICAL TEMPERATURE OF A PURE HYDROCARBON 
Type Compound A B Cc 
Paraffin ............. 1.47115 0.43684 0.56224 
Naphthene.......-.... 0.70612 —0.07165 0.81196 
Olefin.............-. 1.18325 0.27749 0.65563 
Acetylene ........... 0.79782 0.30381 0.79987 
Diolefin............. 0.14890 —0.39618 0.99481 
Aromatic............ 1.14144 0.22732 0.66929 
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4A2.1 
COMMENTS ON PROCEDURE 4A2.1 
Purpose 
An equation is given for predicting the critical temperature of a pure hydrocarbon. For many 
hydrocarbons, Chapter 1 lists experimental critical temperatures; these values are preferable when 
available. However, for compounds containing 12 carbon atoms or more, including an alkyl chain, 
even “measured” critical properties may not be reliable because of thermal decomposition at elevated 
temperatures. 
Limitations 
The equation is applicable to all hydrocarbon families. Equation (4A2.1-1) was tested, however, 
using only experimental boiling points and specific gravities. Estimated values of these parameters 
may lead to larger errors. The equation was tested using data in the range C,-Cy for paraffins and in 
the range C3-C,, for all other families. Higher molecular weight hydrocarbons may yield less accu- 
rate results. 
Reliability 
The average deviation from experimental data is about 5.0 deg F or 0.84 percent. To retain this 
accuracy the untruncated values of A, B, and C in Table 4A2.2 should be used. The maximum devi- 
ation expected is 100 deg F or 7 percent. 
Special Comment 
For naphthenes and aromatics with paraffinic side chains, use the coefficients given in Table 4A2.2 
for the naphthene or aromatic. Densities for these compounds can be estimated by methods in 
Chapter 6. 
Literature Source 
Adapted from Nokay, R., Chem. Eng. 66 [4] 147 (1959). 
Example 
Calculate the critical temperature of n-octane. 
From Chapter 1: 
T, = 258.21 F 
sp gt = 0.7070 
From Table 4A1.2: 
A = 1.47115 
B = 0.43684 
C = 0.56224 
T, = 258.21 + 459.67 = 717.88 
log J. = 1.47115 + 0.43684 logig (0.7068) + 0.56224 log jg (717.88) 
log J = 1.47115 + 0.43684 (0.1506) + 0.56224 (2.85605) 
log %. = 3.0111 
T, = 1025.89 R = 566.22 F 
The experimental value from Chapter 1 = 564.22 F. 
4-20 1992 
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PROCEDURE 4A3.1 


EQUATION FOR CALCULATING THE CRITICAL 
VOLUME OF A PURE HYDROCARBON 


Discussion 
The following equations are to be used to calculate the critical volume of a pure hydro- 


carbon. It is applicable for all families of hydrocarbons. 
RT. 
V.= i570 50.260 = 7.00] (4A3.1-1) 


a= 5.811 + 4.919 (4A3.1-2) 


Where: 
V. = critical volume of pure hydrocarbon in cubic feet per pound-mole. 


R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
T. = critical temperature, in degrees Rankine. 

Pc = critical pressure, in pounds per square inch absolute. 

a = Riedel factor. 

w = acentric factor. 


Procedure 
Step 1: Obtain the critical pressure and critical temperature of the compound from 


Chapter 1. 
Step 2: Obtain the acentric factor from Chapter 2 or by Procedure 2A1.1. 


Step 3: Calculate « using equation (4A3.1-2). 
Step 4: Calculate the critical volume using equation (4A3.1-1). 
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COMMENTS ON PROCEDURE 4A3.1 


Purpose 


An equation is given for calculating the critical volume of a pure hydrocarbon. For many 
hydrocarbons, Chapter 1 lists experimental critical volumes; these are to be preferred when available. 
However, for compounds containing 12 carbon atoms or more, including an alkyl chain, even 
“measured” critical properties may not be reliable because of thermal decomposition at elevated 
temperatures. 


Limitations 


The equation is applicable to all hydrocarbon families. Equation (4A3.1-1) was tested using 
experimental values for the critical temperatures and critical pressures. Estimated values of these 
parameters may yield larger errors in the critical volume. Also, the equation was evaluated for C3-C1 


paraffins and for C3-C,, for each of the other families. Heavier materials may give less accurate 
results. 


Reliability 

The average error from experimental data is about 0.24 cubic feet per pound-mole or 3.26 percent. 
Maximum deviation is 1.83 cubic feet per pound mole or 20 percent. This method is least reliable for 
cycloalkanes and aromatic compounds. 
Literature Source 

Adapted from Riedel, L., Chem. Ingr.-Tech. 26 679 (1954). 

Equation (4A3.1-2) is adapted from Riedel, L., Chem. Ingr.-Tech. 28 557 (1956). 
Example 


Calculate the critical volume of n-nonane. 
From Chapter 1: 


fT. = 610.68 F 

Pe = 331.8 psia 

fT. = 610.68 + 459.7 = 1,070.35 R 
From Chapter 2: 

@ = 0.4368 
From equation (4A3.1-2): 


a = 5.811 + (4.919) (0.4368) 
a = 7.960 


By equation (4A3.1): 


(10.731) (1,070.35) 
(332) [3.72 + 0.26 (7.960 — 7.00) ] 


V, = 8.72 cu ft per lb-mole = 0.0680 cu ft per Ib 


v= 


The experimental value from Chapter 1 = 0.0684 cu ft per Ib. 
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PROCEDURE 4B1.1 


METHOD FOR THE CRITICAL TEMPERATURE 
OF A MIXTURE OF DEFINED COMPOSITION 


Discussion 

The Li equation (4B1.1-1) is to be used to calculate the critical temperature of a mixture 
of defined composition. For this purpose the critical volumes of the pure components must 
be known or estimated. The following equation is applicable for most hydrocarbons over the 
entire composition range. 


je Oe a (4B1.1-1) 
1 
Values of 6, may be calculated from equation (4B1.1-2) and (4B1.1-3). 
X1 Vex 
8= a (4B1.1-2) 
Voc = x Vi, (4B1.1-3) 
rl 


Where: 
Tem = true critical temperature of mixture, in degrees Rankine. 
6, = volumetric fraction of component i. 
T. = critical temperature of component /, in degrees Rankine. 
x, = mole fraction of component i. 
V., = molar critical volume of component i, in cubic feet per pound-mole. 
V,- = molar average critical volume, in cubic feet per pound-mole. 


Procedure 


Step 1: Obtain the critical temperature, critical volume, and molecular weight of each 
component from Chapter 1. If values of the critical temperature and critical volume are not 
available, they may be calculated from methods given in Section 4A of this chapter. 

Step 2: Convert each critical temperature and critical volume to the units specified in the 
discussion. 

Step 3: Compute the molar average critical volume using equation (4B1.1-3). 

Step 4: Compute the volumetric fractions from equation (4B1.1-2). 

Step 5: Calculate the critical temperature from equation (4B1.1-1). 
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COMMENTS ON PROCEDURE 4B1.1 


Purpose 


Procedure 4B1.1 is to be used to predict the true critical temperature of a mixture contain- 
ing any number of components. It is intended for use both as a desk and a computer method. 


Limitations 


This procedure was evaluated using experimental critical temperatures and critical vol- 
umes. If estimated values of these parameters are used, some loss of accuracy should be 
expected. 


A. Defined Binary Hydrocarbon-Hydrocarbon Systems 

The equation is not reliable for mixtures containing more than 0.5 mole fraction methane. 

If the ratio of the molecular weights of the components is greater than 2.5 the expected 
error is increased. 


B. Defined Binary Hydrocarbon-Nonhydrocarbon Systems 

The procedure should not be used for mixtures containing hydrogen, more than 0.3 mole 
fraction carbon dioxide or carbon monoxide, or more than 0.45 mole fraction nitrogen. 
Procedure 4B4.1 should be used for these cases. 


C. Defined Multicomponent Systems 

This method has been evaluated primarily with binary data although it can be extended to 
higher-order systems. Very few experimental data are available for critical temperatures of 
multicomponent systems, but equation (4B1.1-1) has been applied to mixtures containing as 
many as nine components. For even higher order systems, it would be more appropriate to 
use either Procedure 4C1.1 for natural gases or Procedure 4D1.1 for petroleum fractions. 

This procedure can be used for multicomponent systems containing a small amount of 
methane (0.10 to 0.15 mole fraction). At higher methane concentrations Procedure 4C1.1 for 
natural gases should be used. 


Reliability 


A. Defined Binary Hydrocarbon-Hydrocarbon Systems 

Errors in the calculated critical temperature average about 0.6 percent (5.2 deg F). For 
non-methane mixtures the maximum deviation expected is 15 deg F. For mixtures containing 
more than 0.5 mole fraction methane, errors as high as 100 deg F have been obtained, with 
an average deviation of 5.7 percent (31 deg F). 


B. Defined Binary Hydrocarbon-Nonhydrocarbon Systems 

For binaries containing at least one nonhydrocarbon, the errors in the calculated critical 
temperatures average about 5.0 percent (36 deg F). If the procedure is used for mixtures 
containing hydrogen or more than 0.45 mole fraction nitrogen, absolute deviations in the 
range of 100 to 200 deg F should be expected. For mixtures containing in excess of 0.3 mole 
fraction carbon dioxide, deviations in the order of 50 deg F have been found. 


C. Defined Multicomponent Systems 

Average deviations in the calculated critical temperatures are 1.2 percent (8 deg F) for 
non-methane systems. Generally the error is higher for a system containing methane and 
increases as the number of components increases. 


Special Comments 


This procedure may be used for defined binary hydrocarbon mixtures, defined binary 
mixtures containing one or more nonhydrocarbons, and defined multicomponent systems. 
The evaluation of the Li equation with the binary hydrocarbon-hydrocarbon data was the 
most extensive with a data set of 1,230 points representing 135 systems. For hydrocarbon- 
nonhydrocarbon systems, a data set of 430 points representing 69 systems was evaluated 
while 235 data points representative of 35 multicomponent systems were tested in the multi- 
component portion of the study (see Documentation Report No. 4-73). 


Literature Source 
Adapted from Li, C. C., Can. J. Chem. Eng. 49 709 (1971); Errata 50 152 (1972). 
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Example 


T1ll = 


Estimate the critical temperature of a mixture containing 30 mole percent 1-hexene, 41.5 mole 


percent n-octane, and 28.5 mole percent n-decane. 
From Chapter 1: 


1 2 
1-Hexene n-Octane 
Critical temperature, deg F .............00. 447.08 564.22 
Critical volume, cu ft per Ib..............5. 0.0673 0.069 
Molecular weight........ 00... e eee eee ee 84.16 114.23 


Conversion to absolute units: 


Ty = 447.08 + 459.7 = 906.78 R 

Tz = 652.0 + 459.7 = 1,111.7R 

V.1 = (0.0673) (84.16) = 5.66 cu ft per Ib-mole 
Vio = (0.069) (114.23) = 7.88 cu ft per Ib-mole 
V3 = (0.0679) (142.28) = 9.66 cu ft per lb-mole 


From equation (4B 1.1-3): 
Voc = (0.300) (5.66) + (0.415) (7.88) + (0.285) (9.66) 
= 1.70 + 3.27 + 2.75 = 7.72 cu ft per Ib-mole 


By equation (4B1.1-2): 
_ (0.300) (5.66) 


i 35 = 0.220 
(0.415) (7.88) 
= = 0.424 
e 7.72 : 
(0.285) (9.66) 
@, = a = 0.357 


The true critical temperature is then calculated from equation (4B1.1-1) 


Tom = (0.220) (906.78) + (0.424) (1,023.92) + (0.357) (1,111.7) 
Tom = 199 + 434 + 397 = 1,030R 


The experimental value (30) = 1,031.85 R. 
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n-Decane 
652.00 
0.0679 
142.28 
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4B2.1 


PROCEDURE 4B2.1 


METHOD FOR THE CRITICAL PRESSURE 
OF A MIXTURE OF DEFINED COMPOSITION 


Discussion 


Equation (4B2.1-1) is to be used to calculate the critical pressure of a defined mixture. For 
this purpose the critical pressure and critical temperature of the pure components, as well as 
the true critical temperature of the mixture, must be known or estimated. The equation, 
which is generally applicable over the entire composition range, is as follows: 


om = Doe + Poel 5.808 + 4.93] > x, 0, Fem = Toe 4B2.1-1 
P Ppc T Pp Tre 


=] 


Values for the pseudocritical temperature and pseudocritical pressure are calculated as 
molar average values. 


| oe eae a OF (4B2.1-2) 


Pe D> Fs (4B2.1-3) 


Where: 
Pem = true critical pressure of mixture, in pounds per square inch absolute. 
Pec = pseudocritical pressure of mixture, in pounds per square inch absolute. 
n = number of components in mixture. 
x, = mole fraction of component /. 
@, = acentric factor of component i. 
Tem = true critical temperature of mixture, in degrees Rankine. 
The = pseudocritical temperature of mixture, in degrees Rankine. 
T., = critical temperature of component i, in degrees Rankine. 
Pe = critical pressure of component i, in pounds per square inch absolute. 


Procedure 


Step 1: Obtain the critical temperature and critical pressure of each component from 
Chapter 1. Obtain the values of the acentric factor of each component from Chapter 2. If 
values of the critical pressure and critical temperature are not available, they may be calcu- 
lated from methods given in Section 4A of this chapter. 

Step 2: Compute the pseudocritical temperature from equation (4B2.1-2). 

Step 3: Calculate the pseudocritical pressure from equation (4B2.1-3). 

Step 4: If, as is generally true, the critical temperature of the mixture is unknown, calculate 
it using Procedure 4B1.1 or Procedure 4B4.1. 

Step 5: Calculate the true critical pressure from equation (4B2.1-1). 
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4B2.1 
COMMENTS ON PROCEDURE 4B2.1 

Purpose 

Procedure 4B2.1 is to be used to predict the true critical pressure of a mixture containing any 
number of components. It is intended for use both as a desk and a computer method. 
Limitations 

This procedure was evaluated using the experimental critical temperature and critical pressure of 
each component. If estimated values of these parameters are used, errors may be higher. 

A. Defined Binary Hydrocarbon-Hydrocarbon Systems 

The equation should not be used for mixtures containing methane. Instead, Procedure 4B4.1 
should be used. 

The procedure is less reliable for mixtures of ethane and aromatics as well as mixtures of 
naphthenes with higher molecular weight paraffins (Cy and above). 

B. Defined Binary Hydrocarbon-Nonhydrocarbon Systems 

The procedure should not be applied for mixtures containing nonhydrocarbon gases like carbon 
dioxide or hydrogen. Instead, Procedure 4B4.1 is recommended. 

C. Defined Multicomponent Systems 

Equation (4B2.1-1) yields reasonable results for methane-free multicomponent systems. The 
method has been evaluated primarily with binary data, but it has been applied to mixtures containing 
up to eight components. For even higher order systems. it would be more appropriate to use Figure 
4D2.1. 

Very few experimental data are available on the critical pressures of multicomponent systems. 
Reliability 

A. Defined Binary Hydrocarbon-Hydrocarbon Systems 

Errors in the calculated critical pressures are about 3.8 percent (30 psia) for non-methane systems. 
For methane-hydrocarbon mixtures the maximum deviation expected is approximately 50 percent 
(710 psia). 

B. Defined Binary Hydrocarbon-Nonhydrocarbon Systems 

For binary systems containing at least one nonhydrocarbon (inorganic gas), the average error in the 
calculated critical pressure is about 22 percent (760 psia). 

C. Defined Multicomponent Systems 

Average deviations in the calculated critical pressures are 4.6 percent (74 psia). 
Special Comments 

This method should not be applied to predict the critical pressure of systems containing methane 
or inorganic gases. A number of diagrams representing experimental data for representative methane, 
carbon dioxide, and hydrogen sulfide systems are given in Figure 4B2.2 to 4B2.4. 
Literature Source 

Adapted from Kreglewski, A. and Kay, W. B., J. Phys. Chem. 73 3359 (1969). 
Examples 

A. Estimate the critical pressure of an ethylbenzene-n-octane mixture containing 30 mole percent 
ethylbenzene. The experimental critical temperature of this mixture is 584.4 deg F (27). 

From Chapter 1: 

Ethylbenzene n-Octane 
Critical temperature, deg F............ 651.24 564.22 
Critical pressure, psia..........0e500 523.5 360.7 
4-28 1992 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 14332533 


1992 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API 


TDB CHAPTER*4 ** MM 0732290 O536443 720 


From Chapter 2: 


@, (ethylbenzene) = 0.3036 
@, (n-octane) = 0.3962 


By equation (4B2. 1-2): 


The = (0.30) (651.24) + (0.70) (564.22) 


= 195.37 + 394.95 = 590.33 F 


Conversion to absolute units: 


Ton = 584.4 + 459.7 = 1,044.1 R 
The = 590.3 + 459.7 = 1,050.0R 


From equation (4B2.1-3): 


(0.30) (523.5) + (0.70) (360.7) 
157.1 + 252.5 = 409.6 psia 


Poc 


The molar average acentric factor is 


n 
& % w, = (0.30) (0.3036) + (0.70) (0.3962) = 0.3684 


i=] 


The critical pressure is then calculated from equation (4B2.1-1) 


= : .6[5. 4. 3684 
Pom = 409.6 + 409.6 [5.808 + 4.93 (0.3684) ] x L 1,050.0 


[ 1,044.1 — 1,050.0 | 


= 409.6 + (409.6) (7.62) (-0.0056) 
= 392.1 psia 


The experimental value (27) is 403.6 psia. 


B. Estimate the critical pressure of a n-hexane-n-decane mixture containing 40 mole percent 


n-hexane. The experimental critical temperature is unknown. 
From Chapter 1: 


n-Hexane n-Decane 
Critical temperature, deg F............ 453.6 652.1 
Critical pressure, psia ........6...000. 436.9 305.20 


From Chapter 2: 


@), (n-hexane) = 0.3047 
@, (n-decane) = 0.4842 


By equation (4B2. 1-2): 


T,. = (0.40) (453.6) + (0.60) (652.1) 
= 181.44 391.3 =572.7F 


Conversion to absolute units: 


The = 572.7 + 459.7 = 1,032.4 R 


Using Procedure 4B1.1 the estimated critical temperature equals 1,054.3 deg R. 
From equation (4B2.1-3): 


Ppc = (0.40) (436.9) + (0.60) (305.2) 
= 174.8 +183.1 = 357.9 psia 


The molar average acentric factor is 


¥ 4%; = (0.40) (0.3047) + (0.60) (0.4842) = 0.4124 


r=1 


The critical pressure is then calculated from equation (4B2.1-1) 


1,054.3 — 1,032.5 ] 


= : : : 2 4124 
Pom 357.9 + 357.9 [5.808 + 4.93 (0.4124) } | 1,032.5 


= 357.9 + (357.9) (7.841) (0.021) 
= 416.8 psia 


The experimental value (30) is 405.8 psia. 
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FIGURE 482.3 
CRITICAL PRESSURES OF 
BINARY SYSTEMS 
CONTAINING CARBON DIOXIDE 


TECHNICAL DATA BOOK 


duly 1973 
Approved: TED & RPD 


CARBON DIOXIDE - HYDROGEN SULFIDE 


CRITICAL PRESSURE, psia x10~2 
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4B2.2-—4B2.4 


COMMENTS ON FIGURES 482.2 THROUGH 4B2.4 


Purpose 


Critical pressure loci are presented for binary systems containing as one component meth- 
ane, hydrogen sulfide, or carbon dioxide. Other systems are covered by Procedure 4B2.1. 


Reliability 
The maximum error to be expected from experimental data over the entire locus of each 
curve is 1.0 percent. 


Data Sources 


Methane-ethane (13) 
Methane-propane (1, 44, 48, 52) 
Methane-n-butane (14, 50) 
Methane-2-methylpropane (40) 
Methane-n-pentane (7, 50) 
Methane-n-heptane (42) 
Methane-ethene (20) 


Carbon dioxide-methane (51) 
Carbon dioxide-propane (41, 51) 
Carbon dioxide-n -butane (39) 
Carbon dioxide-n-pentane (41) 
Carbon dioxide-n-decane (43) 
Carbon dioxide-hydrogen sulfide (5) 


Hydrogen sulfide-methane (51) 
Hydrogen sulfide-ethane (29) 
Hydrogen sulfide-propane (31) 
Hydrogen sulfide-n-pentane (51) 
Hydrogen sulfide-n-decane (51) 


Hydrogen systems show inconsistencies among sources of experimental data. For the 
convenience of the user, the following references are available. 


Hydrogen-methane (4) 
Hydrogen-propane (51) 
Hydrogen-n -hexane (37) 
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PROCEDURE 483.1 


METHOD FOR THE CRITICAL VOLUME 
OF A MIXTURE OF DEFINED COMPOSITION 


Discussion 


The Chueh-Prausnitz equation (4B3.1-1) is to be used to calculate the critical volume of 
a defined mixture. For this purpose the critical volume of the pure components must be 
known or estimated. The equation, which is applicable over the entire composition range, is 
as follows: 


For binaries, 


Vem = 1 Ver + 2 Via + 261 2 viz (4B3.1-1) 
In general, 
Vem = ob Vat UV Doi, (i # i) (4B3.1-2) 
: fa 
2/3 
b, = ee (4B3.1-3) 
RV 
r=l 
+ 
vy = VV Va) (4B3.1-4) 
V, = —1.4684(m,) + C (4B3.1-5) 
ed Vee= Vy 
Ny = V., + Vv, (4B3.1-6) 
Where: 


C =0.1559 if component i or j is a nonhydrocarbon. 
C =0 if components i and j are hydrocarbons. 

Vom = true critical volume of mixture, in cubic feet per pound-mole. 
V. = molar critical volume of component /, in cubic feet per pound-mole. 

= number of components in mixture. 
i, j = any two of the components. 
v,, ¥o>Ny = correlation parameters. 

C =empirically derived constant. 


Procedure 


Step 1: Obtain the critical volume and molecular weight of each component from Chapter 
1. If values of the critical] volume are not available, they may be calculated from methods 
given in Section 4A of this chapter. 

Step 2: Convert each critical volume to the desired units. 

Step 3: Compute the value of for each component from equation (4B3.1-3). 

Step 4: Compute each 1, from equation (4B3.1-6). 

Step 5: Obtain the value of C and compute each V, using equation (4B3.1-5). 

Step 6: Calculate the corresponding values of v, from equation (4B3.1-4). 

Step 7: Compute the critical volume from equation (4B3.1-2). 
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COMMENTS ON PROCEDURE 4B3.1 


Purpose 


Procedure 4B3.1 can be used to predict the true critical volume of a mixture containing any number 
of components. It is intended for use both as a desk and a computer method. 


Limitations 


This procedure was evaluated using the experimental critical volume of each pure component. If 
estimated values of these parameters are used, errors may be higher. 

This method has been evaluated primarily with binary data although it can be extended to higher- 
order systems. Very few experimental data are available for critical volumes of multicomponent 
systems. 


Reliability 


Average errors in the calculated critical volume are about 8 percent (0.302 cubic ft per Ib-mole) for 
non-methane hydrocarbon-hydrocarbon binary mixtures and 11 percent (0.176 cubic ft per lb-mole) 
for methane mixtures. The maximum deviation expected is approximately 40 percent. 

For binary mixtures containing at least one nonhydrocarbon, the errors in the calculated critical 
volume are about 9 percent (0.1 cubic ft per lb-mole). 


Special Comments 


Although this procedure is not so accurate as the procedures for predicting other critical properties 
of defined mixtures, it has been included because it is the most accurate method available. Equation 
(4B3.1-1) was evaluated with a comparatively small data set since only a small amount of critical vol- 
ume data are available. The problem is further complicated by the nonideality of most of the systems 
considered. For mixtures having components of similar size, shape, and chemical family, it would 
probably be better to use a simple molar average of the pure components as an estimate for the true 
critical volume. In the Chapter 6 introduction, the discussion of excess volume of mixing may offer 
additional guidelines. 


Literature Sources 
Adapted from Chueh, P. L. and Prausnitz, J. M., AIChE Journal 13 1107 (1967). 


Example 


Estimate the critical volume of a n-butane-n-heptane mixture containing 63 mole percent n-butane. 
From Chapter 1: 
1 2 
n-Butane n-Heptane 
Critical volume, cu ft perIb.............. 0.0704 0.0691 
Molecular weight ......... 0.0.0. ce eens 58.12 100.20 


Conversion to molar units: 


¥., = (0.0704) (58.12) = 4.09 cu ft per Ib-mole 
Vo = (0.0691) (100.20) = 6.92 cu ft per Ib-mole 


From equation (4B3.1-3): 
(0.63) (4.09) 2/3 Ae (0.37) (6.92) 273 
(0.63) (4.09) ?73 + (0.37) (6.92) 273 ? (0.63) (4.09) 2/3 + (0.37) (6.92) 23 


(0.63) (2.56) _ (0.37) (3.63) 

(0.63) (2.56) + (0.37) (3.63) (0.37) (3.63) + (0.63) (2.56) 
= 0.546 0.454 

By equation (4B3.1-6): 


9; 


_ _ [4.09 - 6.92 
i 14.09 +6.92 


0.258 


) 
ll 
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Using equation (4B3.1-5) 


Vio =—1.4864 (0.258) 
Vin = 0.3835 


The value of yj is now determined from equation (4B3.1-4): 


—0.3835 (4.09 + 6.92) 
“2 = 2.0 
YW. = -2.11 
The critical volume is then calculated from equation (4B3.1-1): 


Von = (0.546) (4.09) + (0.454) (6.92) 
+ (2.0) (0.546) (0.454) (-2.11) 
Vin = 4.33 cu ft per Ib-mole 


The experimental value (27) equals 4.53 cu ft per lb-mole. 
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PROCEDURE 484.1 


ALTERNATE (COMPUTER) METHOD FOR CRITICAL 
PROPERTIES OF A MIXTURE OF DEFINED COMPOSITION 


Discussion 


In this procedure, the Soave equation of state and rigorous thermodynamic relationships 
are used to calculate the critical points of defined mixtures. The use of an equation of state 
is considerably more complicated than the empirical methods. The application is only prac- 
tical on a computer but does offer two important advantages. 

First, the method offers versatility in representing anomalous critical behavior. Figure 
4B4.1-1 illustrates that the critical behavior of the ethene-ethyne system discussed in the 
introduction of this chapter can be accurately represented by the Soave equation with a 
nonzero interaction coefficient. Figure 4B4.1-2 shows that a minimum temperature critical 
locus is predicted for the n-octane—benzene system with a zero interaction coefficient. 
Figures 4B4.1-3 through 4B4.1-5 show excellent reproduction of the qualitative features of 
Figures 4-0.6c and 4-0.8a. Furthermore, the empirical methods cannot predict the opposite 
signs of the excess critical temperature and excess critical pressure of the benzene—n -decane 
mixture or the changing sign of the excess critical pressure of the benzene—n-tridecane 
mixture. Thus the equation of state method appears to be much more reliable than empirical 
methods. 

Second, the combined use of the equation of state method for critical points and vapor 
liquid equilibrium, as described in Chapter 8, permits exploration of phase equilibria over a 
wide range of conditions. Direct calculation of the critical locus before carrying out phase 
equilibrium calculations may save considerable effort near the critical region. 

Critical points of defined mixtures are estimated using the Soave modification of the 
Redlich-Kwong equation of state. In order to compute the critical point of a mixture, the 
equation of state must be solved to satisfy the following relationships: 


nrA nA 
ane On On, 
det Q=det| . | =0 (4B4.1-1) 
nA nrvA 
an,0n, ~~ | ~— an, 


aA 
Cc 2 2 2 in on, ang SN’ AN) AN = 0 
Where: 
AN, ,é = 1,n are normalized components of a composition change vector which are calcu- 
lated as described below. 

A =the Helmholtz free energy of the mixture. 

n, = the mole number of component i in the mixture. 

ny = the total number of moles in the mixture. 
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PROCEDURE 4B4.1 (Continued) 
PROCEDURE DIAGRAM FOR CRITICAL POINT CALCULATIONS 


Input 
XP, Po sVer 
i= 1,n 


Guess Vem 


Initially 
Vics cae =x, RT../(3P.,) 


Guess Ten 


Initially 
Tem =1.55%,T 


Calculate 
det Q 


Calculate 
Cc 


Pon = RT en! (Vem =e b) 
—allVem(Wen + bY] 


Correct 
Vem 


Procedure 


A flow chart for the calculation is shown in the procedure diagram. The algorithm has been 
adapted from Heidemann and Khalil (see literature sources below). Briefly, the calculational 
steps are as follows: 


Step 1: Obtain critical properties and acentric factors of pure compounds from Chapter 1 
or from one of the Procedures in Chapter 4. 
Step 2: Calculate the initial guesses of V.,, and Ti, . 


Ven = 2x, R TF, /(3P,,) (4B4.1-2) 
Tem = 1.5Ex, Te, (4B4.1-3) 


Where: 
x, = mole fraction of ith component. 
R = gas constant. 


Step 3: Holding V.,. constant, iterate on T.,, to find det Q = 0 using a Newton iteration 
scheme. Det Q should be calculated according to subprocedure A. 
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4B4.1 
Step 4: Calculate C according to subprocedure B. If C is not equal to zero, obtain a new 
estimate of V.,,, using a Newton iteration scheme. 
Step 5: Repeat steps 3 and 4 until C =0. 
Step 6: Calculate P.,,, from equation (4B4.1-5) once T,,, and V,,, are known, 
Step 7: Correct V.,, for deviations from Z,. = ¥. 
Vin (corrected) = V,,, — 2x,[(RT, /3P.,) — V.,] (4B4.1-4) 
Subprocedure A 
Calculation of det Q: 
Let v = V,,, and T = Tin. 
The Soave equation of state is: 
__RT _ a 
a rere Wes B) (4B4.1-5) 
Where a and b in a mixture are determined from: 
b=>x,b, 
a=> D xx, ay (4B4.1-6) 
i t 
For pure components: 
a, = a,(T)(0.42747R? T2 /P.,) (4B4.1-8) 
Where R is the gas constant. 
a(T)=[1+m(0—-VT/T)P (4B4.1-9) 
= 0.48508 + 1.55171, ~ 0.156130? (4B4.1-10) 
and 
b, = 0.08664R T.., /P., (4B4.1-11) 
The crossproduct term is: 
a, = Va,a, (1 — k,) (4B4.1-12) 
k,, is the binary interaction coefficient. 
_. @A dy (+b) , _ bby 
Ar Qy = Ara an — RT r. eG — 5) iG — bp 
ab, b, Bi Bo, vtb 
tot 5 te tt SS - 
BW Eby Be +B) Bee (4B4.1-13) 
B, = 2ab, b, — b(a/ b, + a/ b,) (4B4.1-14) 
B, = —B, — 2a, b? (4B4.1-15) 
a = $2 =2>5x,4, (4B4.1-16) 
i 
_fl ij 
y= {0 it; (4B4.1-17) 
The determinant of Q is calculated from the product of the diagonal elements of q where q 
is the result of the upper triangularization of Q. 
det Q = Tl Qu (4B4. 1-18) 
t=1 
Subprocedure B 
Calculation of C 
Once a temperature has been determined such that det Q = 0, the corresponding composi- 
tion change vector must be calculated. This calculation takes the form below. 
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AN, =1 
AN, = aan dantn 
Qn-1.0-1 


AN, = > AN, @..)/qu: 


+1 


Where: q is the result of upper triangularization of Q. 

This vector should then be normalized according to: 

AN, = AN, /CZAN? )‘? 
Finally, 
C= (3 BY SD Shanta gaan AN, ANg 
Where: 
lis=jHk 
Pn etki tetera 
*L6itp tk i tk 


50b 


(4B4.1-19) 


(4B4.1-20) 


(4B4.1-21) 


(4B4.1-22) 


The factor (2 rt r has been added to improve the convergence of the algorithm. 


ao oA =RT But _ b,+ bb, + bb, J 2F ___2aF 
T an, On, ONx x? (v —b) (v-—by| b(v+b/y 

D | a ( + b) ; 

tse GED In(— (4B4.1-23) 
_{1i=j=k 

roe [ena ori#k (4B4.1-24) 
F = bb, by (4B4.1-25) 
D = b(a/ b, by + aj b, be + ak b,b,) — 3Fa (4B4.1-26) 
E =2D — 2b*(ay by + aud, + ab.) (4B4.1-27) 
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4B4.1-4 
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4B4.1-5 
FIGURE 4B4.1-5 
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COMMENTS ON PROCEDURE 4B4.1 


Purpose 


The procedure is presented as an optional computer method to calculate the true critical 
properties of mixtures. The procedure is consistent with the procedure for vapor liquid 
equilibrium discussed in Chapter 8. Binary interaction coefficients should be calculated as 
described in Chapter 8. 


Limitations 


A. Single variable Newton iteration schemes with numerical derivatives (e.g., secant 
method or forward differencing) have been used successfully in the iterations on T,,, and V.,, . 
Multivariable methods appear to be unreliable because of undesired multiple roots. 


B. Aithough infrequent, the following errors may be encountered and should be detected 
by using counters and conditional testing. 


1. Iteration on T.,, may not converge. 

2. Iteration on V., may not converge. 

3. V., may converge to a value less than the excluded volume b. 
4. P.» May be less than zero. 


Reliability 
Tem Pom Vem 
% %o % AAD 
System Type AAD AAD[R] AAD AADJIpsia] AAD [ft’Ab mole] 
Methane-hydrocarbon 4.9 28.6 6.5 133.6 13.9 0.26 
Hydrocarbon-hydrocarbon 0.8 6.9 2.3 22.9 7.5 0.26 
Hydrocarbon-nonhydrocarbon =:1.8 12.4 9.4 151.6 8.1 0.15 
% AAD = =|Cale. — Exp.|/Exp. 100% 
Number of points 
AAD 2|Calc. — Exp.| 


~ Number of points 


This method has considerably better accuracy than the hand calculation procedures for 
critical pressures. The accuracy is also better than that of the hand calculation procedures for 
all the critical properties of asymmetric mixtures. 


Special Comments 


A. The attractive parameter ‘‘a” and any temperature dependent binary interaction 
coefficients (e.g., hydrogen mixtures) must be calculated in the same step as calculation of 
det Q because of their temperature dependence. 


B. A more recent algorithm has been published by Michelsen and Heidemann. The 
Michelsen and Heidemann algorithm is less than twice as fast as the algorithm recommended 
here, however, and considerably more difficult to implement. 


Literature Sources 


Soave, G., ‘Equilibrium Constants from a Modified Redlich-Kwong Equation of State,” 
Chem. Eng. Science 27, 1197 (1972). 

Heidemann, R. A., Khalil, A. M., “The Calculation of Critical Points.” AIChE J., 26, 769 
(1980). 

Michelsen, M. L., Heidemann, R. A., “Calculation of Critical Points from Cubic Two- 
Constant Equations of State.” AIChE J., 27, 521 (1981). 


Example 


Compute the critical point of a mixture of 10 mole percent methane and 90 mole percent 
ethane. 
psia ft? 


R = 10.731 pp 
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Final iteration: 


Tin = 538.96R 3 Von = 2.621 fP/lb mol 


From Chapters 1 and 2: 


Component 


1 Methane 343.00 
2 Ethane 549.59 


From equations (4B4.1-6) through (4B4.1-12): 
ayy = 6619.8 
b, = 0.4785 
a = 19477.1 
a’, = 22710.0 
From equations (4B4. 1-13) through (4B4.1-17): 
2 


Z(R) 


From equation (4B4.1-1): 


_| 2.3156 
= |-0.08538 


Upper triangularizing: 


_ [2.3156 —0.08538) 
S 0 9(1077) | 


From equation (4B4. 1-18): 


PR (psia) 
666.40 
706.50 


Vv, fb mol @ 
1,590 0.0108 
2.337 0.0990 


a42 = 21323.9 
by = 0.7235 


b = 0.6990 
a’) = 40759.2 


= 0.003149 


—0.08538 | 
0.003149) 


det Q = detq = (2.3156) x 9(10-’) = 2.1(10-) = 0 


From equation (4B4.1-19): 
AN, = 1 


AN, = 0.08538/2.3156 = 0.036869 


From equation (4B4. 1-20): 


AN, = 1/(1 + 0.0368697)'” = 0.999321 
AN, = 0.036869/(1 + 0.0368697)'” = 0.036844 


From equations (4B4.1-23) through (4B1.1-27); 
3 


an} 
3 


> OA 20°A 
Ape aS 303.17; Wye a 


anon; 
From equations (4B4.1-21) and (4B4.1-22): 


4 3 
+ 3n7 


2 
dn,an; 


2 3 
- BA aA 
+ | np—z (AN,)3 +303 
ant a 


AN, (AN,)2+ seer 


aA A 
np—3 = 3.9744 (104); nt ——= 2.0102 (107) 


njon, 
3 


~32.316 
on; 


3 


(AN,)2AN, 
nNyOn, 


oA 
(AN,) 


2 
nN 


= 1.899 [— 1.988 + 0.818 + 33.464 — 32.50] = 0.0836 


Note: This is reasonably close to zero because ( 


From equation (4B4.1-5): 


ov 


} is very large. 


Py, = 772.34 psia 


From equation (4B4.1-4): 


ft? 


Vin (corrected) = 2.2281 ——— 
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COMMENTS ON FIGURE 4C1.1 


Purpose 


The critical temperature of a natural gas mixture in which methane is the predominant component 
is estimated from this figure. 


Limitations 


The API gravity and the molal average boiling point (MABP) must be known or estimated by 
methods given in Chapter 2. The method was evaluated only with experimental data for mixtures 
containing more than 60 mole percent methane. For mixtures of lower methane content, errors may 
be larger. The method should not be used for natural gas mixtures containing more than 10 mole 
percent nitrogen or 3 mole percent carbon dioxide. 


Reliability 


The average error in estimating the critical temperature of a natural gas is about one percent or 
+4 deg F. The maximum deviation expected is about 30 deg F. 


Special Comments 


The molal average boiling point, in degrees Fahrenheit is 
n 
MABP= ¥ x%,, 


i=l 


molal average boiling point, in degrees Fahrenheit. 

number of components. 

mole fraction of component i. 

T,; = normal boiling point of component i, in degrees Fahrenheit. 


3 
WoW ou 


The specific gravity at 60 deg F may be converted to API gravity by using Table 6A1.1 or by 
rearranging equation (6-0.2) from Chapter 6. 

In general, the liquid specific gravities (60 F/60 F) used in calculating the weight average for the 
mixture are taken from Chapter 1. For methane, ethane, carbon dioxide, and nitrogen, however, the 
following values must be used. 


Effective 
Effective Specific Gravity 
API Gravity 60 F/60 F 
Methane.................... 340 0.300 
Ethane ..................... 265.76 0.3562 
Carbon dioxide............... 41.48 0.8180 
NIMOZEN vee a anes ohare 43.32 0.8094 


The weight fraction of each component may be obtained from the mole fraction using the following 
equation: 
x; M, 


(4C1.1-2) 


Where: 
X,; = weight fraction of component i. 
M, = molecular weight of component i. 


The following equations can be used instead of Figure 4C1.1: 
{, = Axexp [B x TMBP + C x SG + Dx SG x TMBP] 


[2 = (TMBP)E 
Z3 = (SG)F 
E=ExXI)x% 


% = Critical Temperature (Rankine) 
SG = Specific Gravity 
TMBP = Molal Average Boiling Point (Rankine) 


A = exp (5.624853) D = 0.013200830 
B = -0.01058520 E = 2.4289880 
C = -1.44011260 F = -0.2998080 
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401.1 
Literature Source 
This figure was adapted with permission from the Engineering Data Book, Mobil O11 Company, 
Inc. 
Example 
Estimate the true critical temperature of a natural gas mixture having the following composition: 
Mole 
Fraction 
Methane. .....-.-2.0.002 00ers 0.868 
Ethane.» «i-0.2 beeen tie tebe tees 0.065 
Propane... 6.6.2 eee eee eee 0.025 
n-Butane ......- 0202 eee eee eee 0.007 
Nitrogen... 02... cee eee eee eee 0.034 
1.000 
From Chapter 1: 
Methane Ethane Propane n-Butane Nitrogen 
Molecular weight ...........-- 16.04 30.07 44.10 58.12 28.01 
Normal boiling point, deg F..... —258.73 —127.49 43.75 31.08 —320.45 
API gravity... 2.5220. ee eee ee 340* 265.76* 147.60 110.79 43.32* 
The molal average boiling point is computed using equation (4C1.1-1): 
MABP = (0.868) (-258.73) + (0.065) (-127.49) 
+ (0.025) (-43.75) + (0.007) (31.08) + (0.034) (-320.4) 
= -224.6 -8.3 -1.] + 0.2 -10.9 
= —244.7F 
The average molecular weight of the mixture is: 
MW,, = (0.868) (16.04) + (0.065) (30.07) + (0.025) (44.10) 
+ (0.007) (58.12) + (0.034) (28.01) 
= 13.924 1.954+1.1+0.41+0.95 
= 18.33 
The weight fraction of each component is calculated from equation (4C1.1-2). 
_ (0.868) (16.04) 
og 18.33 
= 0.760 
Xw2 = 0.107 
Xy3 = 0.060 
Awd = 0.022 
Xy5 = 0.052 
The weight average gravity in degrees API is: 
API gravity = (0.760) (340) + (0.107) (265.76) + (0.060)(147.60) 
+ (0.022) (110.79) + (0.052) (43.32) 
= 300.38 API 
From Figure 4C1.1, 
Tom = —84.0 F. 
Literature value (18) = —81.3 F. 
*Taken from Special Comments. 
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PROCEDURE 4D1.1 
METHOD FOR THE CRITICAL TEMPERATURE OF PETROLEUM FRACTIONS 


Discussion 


The Roess equation (4D1.1-1) is to be used to calculate the true critical temperature of a petroleum 
fraction. For this purpose the specific gravity and volumetric average boiling point (VABP) of the 
fraction must be known or estimated. The equation is as follows: 


Tom = 186.16 + 1.66674 —0.7127(1077) A? (4D1.1-1) 
A = (sp gr) x (VABP + 100.0) (4D1.1-2) 


Where: 
Ton = ttue critical temperature of fraction, in degrees Fahrenheit. 
sp gr = specific gravity, 60 F/60 F. 
VABP = volumetric average boiling point (defined in comments on Figure 2B1.1), in degrees 
Fahrenheit. 


Procedure 


Step 1: If values of VABP and specific gravity are not known, obtain these parameters from meth- 
ods given in Chapter 2. The average molecular weight and an ASTM D86 distillation for the fraction 
should be known if these estimates are required. If a true boiling point (TBP) or ASTM D1160 distil- 
lation is given, it should be converted to an ASTM D86 distillation by the methods of Chapter 3. 

Step 2: Compute the value of A using equation (4D1.1-2). 

Step 3: Calculate the true critical temperature from equation (4D1.1-1). 
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COMMENTS ON PROCEDURE 4D1.1 


Purpose 


An equation is given for calculating the true critical temperature of a petroleum fraction 
(a mixture of undefined composition). This method is intended for use both as a desk and 
a computer method. 


Limitations 


This equation was evaluated with petroleum fractions characterized by the following phys- 
ical property ranges: 


Critical temperature, deg F.............. 550 to 1,000 
Critical pressure, psia................... 250 to 700 
Specific gravity, 60 F/60 F............... 0.660 to 0.975 


Most of the fractions were made up by blending base stock such as: Mid-Continent straight 
run gasoline, cracked naphtha, Mid-Continent kerosine, Mid-Continent gas oil, naphthene 
base gas oil, Pennsylvania crudes, and the more recent data from North Slope fractions. If 
the aforementioned physical property ranges are exceeded, errors may be larger. 


Reliability 


Errors in the calculated critical temperatures are about one percent (+6 deg F) using this 
procedure. The maximum deviation expected is 22 deg F. 


Special Comments 


The Edmister-Pollock chart (12) which is as accurate as equation (4D1.1-1) for predicting 
the critical temperature of petroleum fractions, may also be used. However, since an equa- 
tion form is convenient for both desk calculation and computer usage, the Roess equation has 
been selected. 

The critical temperature of mixtures for which other procedures of this chapter do not 
apply may be calculated by this procedure. However, the error may be higher than indicated 
under Reliability. 


Literature Source 
Adapted from Roess, L. C., J. inst. Petrol. Tech. 22 665 (1936). 


Example 


Estimate the critical temperature of the following North Slope naphtha. The specific 
gravity is 0.7762 at 60 F/60 F and the volumetric average boiling point is 290.4 deg F. 
From equation (4D1.1-2): 


A = (0.7762)(290.4 + 100.0) 
= 303.0 


By equation (4D1.1-1): 


Tom = 186.16 + (1.6667)(303.0) — 0.7127(107)(303.0)? 
= 625.7 F 


The experimental value (30) = 632.7 F. 
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COMMENTS ON FIGURE 4D2.1 


Purpose 


The true critical pressure of a petroleum fraction is estimated from Figure 4D2.1, which relates the 
true critical pressure of petroleum fractions to the ASTM slope, ASTM volumetric average boiling 
point. and the API gravity of the fraction. This figure was developed by plotting all available data (9) 
for the true critical pressures of fractions, and smoothing the resulting curves. 


Limitations 


This method was evaluated with petroleum fraction data characterized by the following physical 
property ranges: 


Critical temperature, deg F ............. 550 to 1,000 
Critical pressure, psia.................. 50 to 700 
Specific gravity, 60 F/60 F.............. 0.660 to 0.975 


Most of the fractions were made up by blending base stocks such as: Mid-Continent straight run 
gasoline, cracked naphtha, Mid-Continent gas oil, naphthene base gas oil, Pennsylvania crudes, and 
the more recent data from North Slope fractions. If the aforementioned physical property ranges are 
exceeded, errors may be larger. 


Reliability 
Errors in the calculated critical pressures are about three percent (+16 psia) using this procedure. 
The maximum deviation expected is 60 psia. 


Special Comments 


An advantage of this figure is that the correlating parameters can be determined directly from 
standard inspection tests. If all of the parameters are not available, they may be estimated from 
methods given in Chapter 2. 

Figure 4D2.1 has been computerized and is listed as PPC2 of Chapter 16. 


Literature Source 
Adapted from Edmister, W. C., and Pollock, D. H., Chem. Eng. Progr. 44 905 (1948). 


Example 
Estimate the critical pressure of a North Slope naphtha having the following properties: 


VABP = 497.4 deg F 
API gravity = 41.8 
ASTM slope = 0.35 deg F/percent distilled 


Locate 497.4 deg F on the left-hand vertical temperature axis. Draw a horizontal line from this 
point until it intersects the 41.8 deg API gravity line. 

Construct a vertical line from this point of intersection until it reaches an ASTM slope value 
of 0.35. 

A horizontal line from this point intersects the critical pressure axis at a value of 342 psia. 

The experimental value (30) is 342 psia. 
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PROCEDURE 4D3.1 


METHOD FOR THE PSEUDOCRITICAL TEMPERATURE 
OF PETROLEUM FRACTIONS 


Discussion 


Equation (4D3.1-1) is used to calculate the pseudocritical temperature of petroleum frac- 
tions. For this purpose, specific gravity and mean average boiling point must be known or 
estimated. The equation is as follows: 


Ty. = 10.6443 [exp(—5.1747 x 107* J, — 0.544445 + 3.5995 x 10°* 7, S)] 

x Te 81067 §° $3691 (4D3.1-1) 
Where: 

Tpc = pseudocritical temperature of petroleum fraction, degrees Rankine. 

T, = mean average boiling point, degrees Rankine. 

S = specific gravity, 60 F/60 F. 
Equation 4D3.1-1 is also shown in Figure 4D3.2 in terms of the Watson K and API gravity. 
Where: 


Watson K Sige 


API gravity = 4442 — 131.5 


Procedure 


Step 1: Obtain the specific gravity of the petroleum fraction. 

Step 2: Obtain the mean average boiling point using Figure 2B1.2. 

Step 3: Calculate the pseudocritical temperature using equation (4D3.1-1) or read it from 
Figure 4D3.2 after converting specific gravity to API gravity. 
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COMMENTS ON PROCEDURE 4D3.1 


Purpose 

An equation is given for calculating the pseudocritical temperature of a petroleum fraction 
(a mixture of undefined composition). This equation is intended as both a desk and a 
computer method. 
Limitations 


Equation (4D3.1-1) is valid over the following range of molecular weight, normal boiling 
point, and API gravity: 


Range of Data 


Molecular weight 70-295 
Normal boiling point, degrees Fahrenheit 80-650 
API gravity 6.6-95.0 


In Figure 4D3.2 dotted lines represent extrapolated values and should be used with caution. 


Reliability 


Equation (4D3.1-1) can reproduce pure hydrocarbon critical temperature data to within an 
average error of 0.8 percent. The correlation was not evaluated using petroleum fraction data 
as pseudocritical temperature is defined rather than measured. 


Literature Source 


Equation (4D3.1-1) is a 1985 modification of the correlation developed by M. R. Riazi, 
“Prediction of Thermophysical Properties of Petroleum Fractions,” Ph.D. Thesis, De- 
partment of Chemical Engineering, The Pennsylvania State University, University Park, Pa., 
1979. 


Example 


Calculate the pseudocritical temperature of a petroleum fraction with specific gravity (60 
F/60 F) of 0.8160 and the following ASTM D86 distillation properties. 


Distillation, percent by volume 10 30 50 70 90 
Temperature, degrees Fahrenheit 227 276 340 413 509 


From Figure 2B1.2, the mean average boiling point is 329 F or 789 R. 
By equation (4D3.1), the pseudocritical temperature is: 


Tye = 10.6443 exp(-5.1747 x 10~* x 789 — 0.54444 x 0.8160 
+ 3.5995 x 107* x 789 x 0.8160)(789)° 7 (0.8160)° 5%! 
=1145R 


The pseudocritical temperature of this petroleum fraction is, therefore, 685 F. No experi- 
mental value is available because pseudocritical temperature is defined rather than mea- 
sured. To estimate the pseudocritical temperature from Figure 4D3.2, first calculate the 
Watson K and API gravity. 


API gravity = a ~ 131.5= owe ~ 131.5=41.9 
= 73913 = 
K=9 8160 ~ 113 


Using Figure 4D3.2: 
The = 1148 R = 688 F. 
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PROCEDURE 4D3.3 


TRUE AND PSEUDOCRITICAL TEMPERATURES OF MIXTURES CONTAINING BOTH 
IDENTIFIED HYDROCARBONS AND PETROLEUM FRACTIONS 


Discussion 


This procedure estimates the true and pseudocritical temperatures of mixtures containing 
both identified hydrocarbons and petroleum fractions. The procedure is applicable where 
several of the more volatile components of a mixture are identified as pure hydrocarbons. 
The remainder is described as one or more petroleum fractions, each of which is character- 
ized only by an ASTM D86 distillation curve and an API gravity. 


Procedure 


Step 1: Obtain the necessary input data. A mole percent analysis must be available for the 
entire fraction, with the unidentified portion treated as a pseudocomponent. An ASTM D86 
distillation curve and the API gravity are also necessary for the unidentified portion as well 
as the molecular weights, which can be estimated using the methods of Chapter 2. Use the 
molecular weights and API gravities for the pure components that are required for the 
calculations from the tables in Chapter 1, but the following effective gravity values must be 
used for the light hydrocarbons: 


Effective 
Effective Specific Gravity 
API Gravity 60 F/60 F 
Methane............-.-.-05: 440 0.247 
Ethane 2 0c5+ Saviano cas 213 0.41 
Ethene (ethylene) ........... 213 0.41 


Step 2: If the available characterizing distillations differ from ASTM Method D8&6, convert 
using the methods in Chapter 3. 

Step 3: For each unidentified portion, calculate the volumetric average boiling point as the 
weighted average of the ASTM D86 distillation temperatures after 10, 30, 50, 70, and 90 


Tio + Tao + Too + Tro + Too 


percent by volume have been distilled, 5 . Also, calculate the slope 


assuming a linear distillation curve between the 10- and 90-percent points, one in 
degrees Fahrenheit per percent distilled. 

Step 4: Using the figures in Chapter 2, obtain the mean, molal, and cubic average boiling 
points for the unidentified portions. 

Step 5: Using the component molecular weights and mole fractions, calculate the mixture 
average molecular weight. Determine all the component weight fractions by dividing the 
product of the molecular weight and mole fraction for the component by the mixture average 
molecular weight. 

Step 6: Using the component weight fractions and API gravities, calculate the weight 
average API gravity and specific gravity for the entire mixture. 


Note: Skip Steps 7 and 8 if only the true critical temperature is desired. 


Step 7: Using the component weight fractions and component specific gravities, calculate 
the component volume fractions by dividing the quotient of the component weight fractions 
and specific gravities by the sum of the quotients for all components 


ee x,,/SpG, 
"Xx, /SpG,) 
Step 8: Using the component mole fractions and volume fractions, respectively, together 
with the molal average and cubic average boiling points of each component (normal boiling 
points for pure hydrocarbons), calculate the molal and cubic average boiling points from the 


definitions in the Chapter 2 introduction. Calculate the mean average boiling point from its 
definition. 


Note: Skip Step 9 if only the pseudocritical temperature is desired. 


Step 9: Using the component volume fractions and the volume average boiling point of each 
component, calculate the volume average boiling point from the definition in Chapter 2. 
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Step 10: Calculate the true critical temperature using the volume average boiling point from 
Step 9 and the specific gravity for the mixture from Step 6 in Procedure 4D1.1. 

Step 11: Calculate the pseudocritical temperature using the mean average boiling point 
from Step 8 and the specific gravity for the mixture from Step 6 in Procedure 4D3.1. 


COMMENTS ON PROCEDURE 4D3.3 


Purpose 


True and pseudocritical temperatures of mixtures containing both identified hydrocarbons 
and petroleum fractions are estimated by this procedure. For the true and pseudocritical 
pressures of these mixtures, use Procedure 4D4.3. 


Limitations 


This method is limited to mixtures containing both identified hydrocarbons and petroleum 
fractions and is applicable only to Type I critical loci (see introduction). 


Reliability 
Data are not available to evaluate the reliability of this procedure. 


Special Comments 


The various average boiling points are defined and correlated in Chapter 2. 
When ASTM D86 distillation data are used to obtain the boiling points, temperatures 
above 475 F must be corrected for cracking by equation (3A1.1-1). 


Literature Source 
The procedure was developed by Hadden, S. T., Chem. Eng. Progr. 44 135 (1948). 


Example 


Calculate the true and pseudocritical temperature of a Conroe crude oil that is character- 
ized by the following data: 


Mole Fraction 


Methane 23.2 i5 isa ece ant iahe oah eens 0.3223 
Bethan: tess cscs Seana eek lee cas alk 0.0424 
PLOPaNe ie i 66 csae Salons See tela itiar de oe eek 0.0335 
2-Methylpropane. ..............0.000 eee 0.0108 
M-Butane du dd leaves ead ook ate e 0.0148 
P@NtaNCS: 5544 os his cra weateivond wade Rod oo Ga eed 0.0218 
Hexane and heavier..................0000, 0.5544 

1.0000 


The hexane-and-heavier portion has an API gravity of 38.0, molecular weight of 172, and 
the following ASTM D686 distillation properties: 


Distillation, percent by volume ........ 10 30 50 70 90 
Temperature, degrees Fahrenheit ...... 234 372 478 592* 722* 


From the distillation, the volumetric average boiling point is 480 F and the 10-percent to 
90. \ is 6.10 degrees Fahrenheit 
-percent slope is 6. “percent distilled 

From Chapter 2, Procedure 2B1.1, the mean average boiling point for the hexane-and- 
heavier portion is 423 F, the molal average boiling point is 386 F, and the cubic average 
boiling point is 457 F. 

To calculate the various average properties of the entire crude oil, the following tabulation 
is convenient. The average boiling points of pure substances are equal to their normal boiling 


points. 
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(i) (2) (3) (4) (5) (6) 
MABP 
(Degrees 
Mole Mole Fahren- Weight API 
Weight Fraction heit) Fraction SpG Gravity 
Methane ........... 16.04 0.3223 —258.73 0.0486 0.247 340 
Ethane............. 30.07 0.0424 -127.49 0.0120 0.410 265.76 
Propane............ 44.10 0.0335 —43.75 0.0139 0.508 147.6 
2-Methylpropane .... 58.12 0.0108 10.678 0.0059 0.563 119.89 
n-Butane........... 58.12 0.0148 31.08 0.0081 0.585 110.79 
Pentanes........... 72.15 0.0218 89 0.0148 0.628 93.9 
Co + fraction........ 172 0.5544 386 0.8967 0.835 38.0 
Total............ 1.000 1.000 
Calculated mixture 
average........ 106.3 126.2 0.727 63.1 


(7) (8) 
CABP 
(Degrees 
Volume Fahren- 
Fraction heit) 
0.1431 -259 
0.0213 -127 
0.0199 44 
0.0076 11 
0.0101 31 
0.0172 89 
0.7808 457 
1.000 268.8 


From columns 1 and 2, the mixture average molecular weight is 106.3. This value was used with 
each pair of entries in columns 1 and 2 to calculate the weight fractions listed in column 4 by Step 5. 
Step 6 was followed to determine mixture average API and specific gravities in columns 5 and 6. 


Volume fractions in column 7 were determined by the procedures of Step 7. 


From the procedures of Step 8, the mixure molal average and cubic average boiling points in 


columns 3 and 8 are calculated. 


MABP + CABP 
2 
126.2 + 268.8 


= ——_—— = 197.5 F 
2 


MeABP 


The mixture volume average boiling point in column 9 is calculated from Step 9. 
The true critical temperature is calculated from the VABP and specific (API) gravity for the mixture 


using Procedure 4D1.1. The result is 643 F. 


The pseudocritical temperature is calculated from the MeABP and specific (API) gravity for the 
mixture using Procedure 4D3.1 or Figure 4D3.2. The result read from the figure is 990 R or 530 F. 


*From vacuum assay converted by the methods in Chapter 3. 
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(9) 
VAPB 
(Degrees 
Fahren- 
heit) 


336.1 
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PROCEDURE 4D4.1 
METHOD FOR THE PSEUDOCRITICAL PRESSURE OF PETROLEUM FRACTIONS 


Discussion 


Equation (4D4.1-1) calculates the pseudocritical pressure of petroleum fractions. For this 
purpose, specific gravity and mean average boiling point must be known or estimated. The 
equation is as follows: 


P,. = 6.162 x 10° [exp (—4.725 x 107° T, — 4.80145 
+ 3.1939 x 10°? 7, S)] 7, ° #* $4 (4D4.1-1) 
Where: 
P,. = pseudocritical pressure, pounds per square inch absolute. 


J; = mean average boiling point, degrees Rankine. 
S = specific gravity, 60 F/60 F. 


Equation 4D4.1 is also shown in Figure 4D4.2 in terms of the Watson K and API gravity 
where 
T° 141.5 


Watson K = 5 and API gravity = a ie 131.5. 


Procedure 


Step 1: Obtain the specific gravity of the petroleum fraction. 

Step 2: Obtain the mean average boiling point using Figure 2B1.2. 

Step 3: Calculate the pseudocritical pressure using equation (4D4.1-1) or read it from 
Figure 4D4.2. 
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COMMENTS ON PROCEDURE 4D4.1 


Purpose 


An equation is given for calculating the pseudocritical pressure of a petroleum fraction (a 
mixture of undefined composition). This equation is intended as both a desk and a computer 
method. 


Limitations 


Equation (4D4.1-1) is valid over the following range of molecular weight, normal boiling 
point, and API gravity: 


Range of Data 
Molecular weight 70-295 
Normal boiling point, degrees Fahrenheit 80-650 
API gravity 6.6-95.0 


In Figure 4D4.2 dotted lines represent extrapolated values and should be used with caution. 


Reliability 


Equation (4D4.1-1) can reproduce pure hydrocarbon critical pressure data to within an 
average error of 2.6 percent. The correlation could not be evaluated using petroleum fraction 
data because pseudocritical pressures are defined rather than measured. 


Literature Source 


Equation (4D4.1-1) is a 1985 modification of a correlation developed by M. R. Riazi, 
“Prediction of Thermophysical Properties of Petroleum Fractions,” Ph.D. Thesis, Depart- 
ment of Chemical Engineering, The Pennsylvania State University, University Park, Pa., 
1979. 


Example 


Calculate the pseudocritical pressure of a petroleum fraction with specific gravity (60 F/60 
F) of 0.8160 and the following ASTM D86 distillation properties: 


Distillation, percent by volume 10 30 50 70 90 
Temperature, degrees Fahrenheit 227 276 340 413 509 


From Figure 2B1.2, the mean average boiling point is 329 F or 789 R. 
By equation (4D4.1-1), the pseudocritical pressure is: 
P,. = 6.162 * 10° [exp (—4.725 x 1073 x 789.0 — 4.8014 x 0.8160 
+ 3.1939 x 107? x 789.0 x 0.8160)](789.0)~° #* (0.8160)* 
= 396 psia 
To estimate the pseudocritical pressure from Figure 4D4.2 first calculate the Watson K and 
API gravity. 


_ 141.5 
0.8160 


— 131.5 = 41.9 


Using Figure 4D4.2: 
P,, = 400 psia 


No experimental value is available because pseudocritical pressure is defined rather than 
measured. 


4-66 1987 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'235.33 


API TDB CHAPTER*4 xx HM O732290 0536477 OOS 


FIGURE 4D4.2 


PSEUDOCRITICAL PRESSURE 
OF PETROLEUM FRACTIONS 


TECHNICAL DATA BOOK 
June1986 
Approved TED 


800 F 


. 7 


{ Ln 
aa 7 
amma bas 3 y . ae, Saas a 
cor 
wt. . aT: 


es 
aE 


4 


Soe 
ae 


CARLES 


ae RK 

as 

BENT a 
a 


200 


No 
zi 
PS 


PSEUDOCRITICAL PRESSURE, PSIA 


100 


wh 


=e oan 
O 
-10 0 10 20 30 40 50 60 70 80 90 100110 


API GRAVITY 


1987 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 


2000 143322333 


4D4.2 


4-67 


Information Handling Services, 


2000 


1987 


COPYRIGHT 2000 American Petroleum Institute 
14:32:33 


Febuary 22, 


2000 


API TDB CHAPTER*4 x** MM O732290 0536478 TOT 


PROCEDURE 404.3 


TRUE AND PSEUDOCRITICAL PRESSURES OF MIXTURES CONTAINING BOTH 
IDENTIFIED HYDROCARBONS AND PETROLEUM FRACTIONS 


Discussion 


This procedure should be used to estimate the true and pseudocritical pressures of mixtures 
containing both identified hydrocarbons and petroleum fractions. For example, the proce- 
dure is applicable where several of the more volatile components of a mixture are identified 
as pure hydrocarbons and the remainder are described as one.or more petroleum fractions, 
each of which is characterized only by an ASTM D86 distillation curve and an API gravity. 
Figure 4D4.4 is included in this procedure. 


Procedure 


Step 1: Obtain the true and pseudocritical temperatures of the mixture using Procedure 
4D3.3. Convert these to absolute temperatures, and calculate the value of the ratio of true 
to pseudocritical temperatures. Retain all intermediate calculations from Procedure 4D3.3. 

Step 2: Use the weighted average specific gravity and the mean average boiling point for 
the entire mixture in Procedure 4D4.1 to calculate the pseudocritical pressure of the mixture. 

Step 3: With the pseudoecritical pressure and the critical temperature ratio from Step 1, use 
Figure 4D4.4 or Equation 4D4.3-1 to determine the true critical pressure of the mixture. 
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COMMENTS ON PROCEDURE 4D4.3 


Purpose 


True and pseudocritical pressures of mixtures containing both identified hydrocarbons and 
petroleum fractions are estimated by this procedure. For true and pseudocritical tempera- 
tures of these mixtures, use Procedure 4D3.3 (which is also required in this procedure). 


Limitations 


The procedure is limited to mixtures containing both identified hydrocarbons and petro- 
leum fractions and is applicable only to Type I critical loci (see introduction). 


Reliability 


Data are not available to evaluate the reliability of this procedure. 

The errors in true critical pressures of defined hydrocarbon mixtures estimated from Figure 
4D4.4 are within an average of 5 percent for critical pressures less than 1000 pounds per 
square inch absolute. The magnitude of error in estimating true critical pressures above 1000 
pounds per square inch absolute by this figure is unknown. Severe errors occur for methane- 
rich systems having critical pressures greater than 2000 pounds per square inch absolute or 
critical temperatures less than 100 F. 


Special Comments 


The various average boiling points are defined and correlated in Chapter 2. Figure 4D4.4 
may be replaced by the following regression equation: 


log P. = 0.050052 + 5.656282 log (7; /T,.) — 1.001047 log P,. (4D4.3-1) 


Literature Source 


The procedure was developed by Hadden, S. T., Chem. Eng. Progr. 44 135 (1948). 

Figure 4D4.4 was adapted with permission from the Engineering Data Book, Mobil Oil 
Company, Inc. It was based on Smith, R. L., and Watson, K. M., Ind. Eng. Chem. 29 1408 
(1937). 


Example 


Calculate the true and pseudocritical pressures of the Conroe oil of the example of 
Procedure 4D3.3. From this example the true critical temperature is 643 F, and the pseudo- 
critical temperature is 530 F. 

Step 1: 


T. _ 643 + 460 _ 1103 
Tr. 530+ 460 990 


Step 2: Using Procedure 4D4.1 or Figure 4D4.2 the pseudocritical pressure is 450 psia. 
Step 3: Using Figure 4D4.4, the true critical pressure is 910 psia. 
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PREFACE 


This revised chapter is based on a much expanded and verified experimental data base 
used both to evaluate prediction methods and to present correlating equations for individual 
compounds. The inclusion of correlating equations for vapor pressure is new to the chapter 
and substantially enhances its use. Revised consistent vapor pressure plots are retained for 
desk use. Both previous methods for prediction of vapor pressure are retained with expand- 
ed evaluations. A method for prediction of Reid vapor pressure has been included. Detailed 
results of the evaluations that serve as a basis for the selection of the material in this chapter 
are available in Documentation Report #5-93 available from Xerox University Microfilms, 
Ann Arbor, Michigan. 

The work on this chapter was carried out by Thomas E. Daubert assisted by Michael J. 
Thorwart and several undergraduate scholars. The chapter coordinating committee for the 
Technical Data Committee was Peter Nick of Unocal, Chair; Dale Embry, Phillips Petro- 
leum; and Calvin Spencer, M. W. Kellogg with assistance from B. I. Lee, Mobil; C. K. 
Shen-Tu, Brown & Root-Braun; and B. Kouzel, Unocal. 


Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

June 1993 
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CHAPTER 5 
VAPOR PRESSURE 


5.0 INTRODUCTION 


Vapor pressure is the pressure at which the vapor phase of 
a substance is in equilibrium with the liquid phase of that 
substance at a specified temperature. The term is commonly 
applied to pure substances, but it is also used occasionally 
with mixtures. Apart from the temperature effect, the compo- 
sition of the vapor and liquid phases (when not pure) also 
influences the equilibrium pressure. Therefore, to use the 
term vapor pressure with mixtures, the composition effect 
must be taken into account, either by holding liquid, vapor, 
or overall composition constant or by focusing attention on 
a portion of the liquid mixture which is sufficiently close- 
boiling that composition changes with temperature have a 
negligible effect on pressure. 

Specific vapor pressure correlation equations are recom- 
mended in Procedures 5A1.1 and 5A1.3. For compounds 
covered in this section these equations will give more accu- 
rate vapor pressures over the range specified for the particular 
compound than the generalized predictive procedures. The 
approximate average error to be expected and the range of 
applicability for each compound for each correlating equa- 
tion deemed satisfactory are given together with the correla- 
tion coefficients in Tables 5A1.2 and 5A1.4. Procedure 5A1.1 
is the primary method and is of a form that can be 
extrapolated slightly above the critical point when necessary. 
Procedure 5A1.3 is the alternate method which is constrained 
at the exact critical point and cannot be extrapolated higher. 

The experimental vapor pressure-temperature relation- 
ships of a number of the more common hydrocarbons and a 
few important nonhydrocarbons are plotted directly in 
Figures 5A1.5 through 5A1.15. The scales of most of these 
figures are the logarithm of the vapor pressure and a 


modified reciprocal temperature scale where f is 


1 
t+ 382 ’ 
temperature in degrees Fahrenheit. 


1994 


An accurate generalized method of predicting pure hydro- 
carbon vapor pressures is given as Procedure 5A1.16. This 
procedure requires the critical temperature, critical pressure, 
and acentric factor of a hydrocarbon. A slightly less accurate 
alternate prediction method is given for use for pure hydro- 
carbons only when these critical properties are not available. 
This alternate method, Procedure 5A1.19, requires only the 
normal boiling point and the specific gravity and also is 
applicable to narrow-boiling petroleum fractions. The pro- 
cedure, which includes Figures 5A1.20 and 5A1.21, also can 
be used to convert a known boiling point from one pressure 
to another. Table 5-0.1 gives average and bias percent errors 
for each family of compounds tested for Procedures 5A1.16 
and 5A1.19. 


The Reid vapor pressure (Rvp) is the absolute pressure 
exerted by a mixture (in pounds per square inch) determined 
at 100 F and at a feed vapor-to-liquid volume ratio of 4. 
(Defined and specified in ASTM Method D 323, the appara- 
tus and procedures are standardized under the auspices of the 
American Society for Testing and Materials.) Frequently, the 
Rvp is used to characterize the volatility of gasolines and 
crude oils. It also provides a convenient approximation of the 
absolute vapor pressure of a partly vaporized sample at 
100 F. Two figures which relate the Rvp and ASTM D 86 
boiling characteristics to true vapor pressure over a wide 
range of temperatures for crude oils (Figure 5B1.2) and for 
gasolines and other finished petroleum products (Figure 
5B1.1) are given. Procedure 5B1.3 gives a new computer 
method for predicting the Reid vapor pressure for both pure 
compounds and petroleum fractions. 


NoTE: A report which documents the basis upon which the mate- 
rial in this chapter has been selected has been published by the 
American Petroleum Institute as Documentation Report No. 5-93 
available from University Microfilms International, Books and 
Collections, Ann Arbor, Michigan. 
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5-0.1 
TABLE 5-0.1—COMPARISON OF PREDICTION METHODS 
No. Procedure 5A1.16 Procedure 5A1.19 
of (Lee Kesler) (Maxwell Bonnell) 
Family Cpds Percent Error Percent Error 
Bias Average Bias Average 
n-Alkanes 22 0.5 3.1 -0.9 3.8 
Methyl alkanes 16 —-0.1 18 0.2 1.4 
Dimethyl alkanes 16 -1.2 1.5 0.1 3.0 
Other branched alkanes 20 -1.3 1.6 -0.4 4.6 
Cycloalkanes 4 -1.5 2.0 1.3 3.1 
Sub. cyclopentanes 10 -2.9 4.0 -1.9 2.9 
Sub. cyclohexanes 13 1.9 3.5 -3.5 5.4 
Decalins/bicyclohexyl 3 10.6 14.7 -4.6 13.7 
n-Alkenes 18 -0.3 2.3 -1.5 3.9 
Other linear alkenes 13 -0.8 1.2 0.6 1.9 
Methy] alkenes 13 ~1.l 2.8 1.1 2.0 
Other branched alkenes 10 1.8 3.8 0.4 1.8 
Cycloalkenes 4 2.2 3.7 -1.9 3.6 
Alkadienes 13 12.7 14.5 3.9 4.5 
Alkynes 8 ~1.1 5.3 1.0 8.0 
a ee 
n-Alkylbenzenes 14 -19 2.9 -0.2 1.9 
Substituted alkylbenzenes 25 -0.6 3.3 1.3 1.9 
Aromatics with 13 -0.5 3.4 4.7 6.0 
unsaturated side chains 
Naphthalenes & tetralin 8 -19 3.7 2.0 3.3 
Fused ring aromatics 6 ~12.9 13.7 -16.5 17.1 
Multiple aromatic rings 6 5.2 12.7 4.0 15.6 
Indene/indane 2 -6.0 6.1 3.8 4.3 
Thiophene/THT 2 2.3 2.6 3.0 3.7 
Nitrogen rings 5 4.4 5.2 4.1 10.0 
Total 264 
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PROCEDURE 5A1.1 


CORRELATION OF THE VAPOR PRESSURE 
OF PURE COMPOUNDS 


Discussion 


The following equation is recommended for calculating the vapor pressure of any pure compound 
over the temperature range specified for the compound. 


B 2. LE 
In P= A+=+CMIn T+ DT +— (SA1.1-1) 
T 2 
T 
Where: 
P = vapor pressure of compound, psia. 
T = temperature, degrees Rankine. 
A,B,C,D,E = derived coefficients from Table 5A 1.2. 
Table 5A1.2 gives the coefficients for the above equation together with the applicable temperature 


Tange and the maximum and average percent errors from the comparison with experimental data 
carried out during regression. 


Procedure 


Use the coefficients from Table 5A1.2 in equation (5A1.1-1) to calculate the vapor pressure within 
the temperature range specified. 
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COMMENTS ON PROCEDURE 5A1.1 


Purpose 

This procedure is to be used to calculate the vapor pressure of specific compounds as a function of 
temperature. 
Limitations 

This procedure only is valid over the temperature limits listed in Table 5A 1.2. The procedure can 
be extrapolated slightly above the critical where noted by the limits given in Table 5A1.2. 
Special Comments 


The vapor pressures calculated by this procedure in the experimental data range are totally consis- 
tent with the vapor pressure plots for common compounds of Figures 5A1.5 through 5A1.13. 

Errors given in the correlation coefficient tables should be noted when using this procedure. 

The triple point temperature and critical temperature listed in Table 5A1.2 are taken from the 1992 
version of the Chapter 1 database. Therefore, slight discrepancies may be found for some compounds. 


Literature Sources 


Procedure 5A1.1 is a modification of the Riedel (272) method and was developed by the project 
staff at The Pennsylvania State University. It has been tested by the project staff at The Pennsylvania 
State University and evaluated by the API Technical Data Committee. 

Example 
Determine the vapor pressure of n-octane at a temperature of 100 F. 


The necessary parameters are obtained from Table 5A1.2 for n-octane (compound number 36). 


A = 76.793 

B = -11700. 

C = -8.8309 

D = 0.0000020086 
E = -395420. 


and 
T = 100 F=559.7R 


Using equation (5A1.1-1) 


In P = -0.62159 
P = 0.5371 psia 


The experimental value listed in Chapter 1 is 0.5369 psia. 
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PROCEDURE 5A1.3 


ALTERNATE CORRELATION OF THE VAPOR PRESSURE OF 
PURE COMPOUNDS 


Discussion 


The following alternative equation is recommended for calculating the vapor pressure of any pure 
compound over the temperature range specified for the compound. This equation should be used, 
where applicable, when an exact match at the critical is desired. 


In P= aX, +bX,+cX,+dX, (5A1.3-1) 
Where: 
stata 5A1.3-2 
oe (SA1.3-2) 
1.5 
(1-T,) 
X,= = (5A1.3-3) 
2.6 
(1-7) 
2 A1.3-4 
ear (SA1.3-4) 
5 
(1-T,) 
eer gee (5A1.3-5) 


r 


T, = 7/T, = reduced temperature. 
P, = P/P, = reduced pressure. 
T, = critical temperature, in degrees Rankine. 
P. = critical pressure, in psia. 
T = temperature, in degrees Rankine. 
P = vapor pressure, of compound, in psia. 
Table 5A1.4 gives the coefficients for the above equation together with the applicable temperature 
range and the maximum and average percent errors from the comparison with the experimental data 


carried out during regression. Compounds shown without coefficients had insufficient data to corre- 
late by this method. 


Procedure 


Step 1: Obtain the critical temperature and pressure of the compound from Chapter 1. 

Step 2: Calculate the reduced temperature and pressure at the desired conditions using the defini- 
tions above. 

Step 3: Use the coefficients in Table 5A1.4 in equations (5A1.3-1) through (5A1.3-5) to calculate 
the vapor pressure within the range specified. 
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COMMENTS ON PROCEDURE 5A1.3 


Purpose 

This procedure is to be used to calculate the vapor pressure of specific compounds as a function of 
temperature. 
Limitations 


This procedure is valid over the temperature limits listed in Table 5A1.4. The procedure will exactly 
match the critical temperature and pressure used in the equation. However, the equation cannot be 
extrapolated to temperatures above the critical point. 


Special Comments 


The vapor pressures calculated by this procedure in the experimental data range are generally con- 
sistent with the vapor pressure plots for common compounds of Figures 5A1.5 through 5A1.15. 

Errors given in the correlation coefficient tables should be noted when using this procedure. 

The triple point temperature and critical temperature listed in Table 5A1.4 are taken from the 1992 
version of the Chapter 1 database. Therefore, slight discrepancies may be found for some compounds. 


Literature Sources 

Procedure 5A 1.3 is a linearized form of the Wagner (341) method developed by C. Shen-Tu (294). 
It has been tested by the project staff at the Pennsylvania State University and evaluated by the API 
Technical Data Committee. 
Example 

Determine the vapor pressure of n-octane at a temperature of 100 F. 


The necessary parameters are obtained from Table 5A1.4 for n-octane (compound number 36). 


a = -8.0092 
b = 1.8442 

c = —3.2907 
d@ = —3.5457 


From Chapter 1 7, = 564.22 F. The reduced temperature is 


ra Fe 559.7R _ 


(or Sean Coe 


Using equations (5A1.3-2) through (5A1.3-5) 


X;, = 0.8295 
Xz = 0.5585 
X3 = 0.2340 
Xz = 0.03505 
Using equation (5A1.3-1) 
In P. = -6.5079 
P. = 0.001492 


From Chapter 1, the critical pressure is 360.7 psia. Therefore, the predicted vapor pressure is 


P = 0.001492 x 360.7 psia 
= 0.5380 psia 


The experimental value listed in Chapter | is 0.5369 psia. 
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COMMENTS ON FIGURES 5A1.5 THROUGH 5A1.15 


Purpose 


Experimental vapor pressure data are presented for selected pure hydrocarbons in Figures 5A1.5 


through 5A1.15,. 


Reliability 


The curves reproduce the experimental data from the various sources to within two percent. Dashed 
portions of the curves represent extrapolations that are not supported by experimental data. 


Notation 


O = critical point 


Special Comment 


‘For clarity, the portions of the curves that are not supported by experimental data were deleted for 


2-methylpentane and methylcyclohexane. 


Data Sources 


The data sources for every compound listed in Chapter 5 are listed below. These sources were used 
to generate Figures 5A1.5 through 5A1.15 and the correlations in Procedures 5A1.1 and 5A1.3. 


Oxygen (70, 274, 320, 361, 332) 

Hydrogen (211, 320, 313, 216) 

Water (318, 179, 154, 324, 349) 

Nitrogen dioxide (211, 171, 313, 145, 268) 

Nitric oxide (313, 320, 211, 272) 

Nitrous oxide (313, 320, 211, 95) 

Ammonia (362, 153, 320, 155, 210, 256, 171, 
147) 

Chlorine (320, 146, 313) 

Hydrogen chloride (320, 171, 155, 210, 350) 

Hydrogen sulfide (320, 313, 211, 150, 98) 

Carbon monoxide (320, 313, 90, 230, 211, 331, 
227) 

Carbon dioxide (313, 129, 172, 331) 

Sulfur dioxide (313, 331, 211, 320) 

Methane (267) 

Ethane (152) 

Propane (101, 259, 73, 159, 270, 279, 280, 205, 
104, 185, 326, 264, 151, 318) 

n-Butane (247, 339, 47, 265, 160, 134, 187, 318) 

Isobutane (55, 61, 75, 224, 293, 327, 92, 101, 
278, 170, 344) 

n-Pentane (170, 259, 327, 20, 235, 244, 353, 278, 
167, 102, 186) 

Isopentane (287, 296, 354) 

Neopentane (45, 56, 22, 61, 346, 221) 

n-Hexane (109, 148, 195, 162, 176, 304, 311, 
318) 

2-Methylpentane (318, 353) 

3-Methylpentane (353, 318, 104) 

2,2-Dimethylbutane (182, 244, 353, 104) 

2,3-Dimethylbutane (353, 176, 318, 104) 

n-Heptane (195, 243, 304, 93, 138, 175, 213, 
301, 354, 220, 104, 318) 

2-Methylhexane (169, 220, 318) 

3-Methylhexane (138, 220, 318) 

2,4-Dimethylpentane (318, 127, 138, 220) 

2,2-Dimethylpentane (127, 354, 318) 


2,3-Dimethylpentane (318, 127, 138, 19) 
3,3-Dimethylpentane (318, 24, 220) 
2,2,3-Trimethylbutane (318, 69, 127, 138, 300, 
220) 
3-Ethylpentane (318, 138, 300, 220) 
n-Octane (93, 128, 354, 220, 167) 
2,2-Dimethylhexane (318, 354, 220) 
2,3-Dimethylhexane (318, 220, 354) 
2,4-Dimethylhexane (318, 220, 354) 
2,5-Dimethylhexane (318, 220, 354) 
3,3-Dimethylhexane (354) 
3,4-Dimethylhexane (318, 220, 354) 
2-Methylheptane (23, 220, 318) 
3-Methylheptane (22, 220, 318) 
4-Methylheptane (220, 318) 
2,2,4-Trimethylpentane (93, 244, 345, 54, 177, 
301, 354, 220, 318) 
2,2,3-Trimethylpentane (220, 318) 
2,3,3-Trimethylpentane (354, 220, 318) 
2,3,4-Trimethylpentane (318, 21, 220) 
2,2,3,3-Tetramethylbutane (325, 77) 
3-Ethylhexane (318, 354, 220) 
2-Methy1-3-ethylpentane (318, 220, 354) 
3-Methy1-3-ethylpentane (318, 156, 313, 299) 
n-Nonane (86, 138, 354, 318) 
2-Methyloctane (318) 
3-Methyloctane (318) 
4-Methyloctane (318) 
2,2-Dimethylheptane (318) 
2,6-Dimethylheptane (318) 
3,3-Diethylpentane (318) 
2,2,5-Trimethylhexane (318) 
2,4,4-Trimethylhexane (319) 
2,2,3,3-Tetramethylpentane (318, 138) 
2,2,3,4-Tetramethylpentane (318, 138) 
2,2,4,4-Tetramethylpentane (318, 138) 
2,3,3,4-Tetramethylpentane (319, 158) 
3-Ethylheptane (318) 
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2,2-Dimethyl-3-ethylpentane (318) 

2,4-Dimethyl-3-ethylpentane (318) 

n-Decane (354, 278, 3) 

2-Methylnonane (318) 

3-Methylnonane (318) 

4-Methylnonane (318) 

5-Methylnonane (318) 

2,2-Dimethyloctane (318, 83) 

n-Undecane (318, 80) 

n-Dodecane (354, 318) 

n-Tridecane (318, 313) 

n-Tetradecane (318, 80) 

n-Pentadecane (318, 80) 

n-Hexadecane (170, 318, 78) 

n-Heptadecane (318) 

n-Octadecane (318, 331, 207) 

n-Nonadecane (318) 

n-Eicosane (318, 207) 

n-Tetracosane (233, 25) 

n-Octacosane (233, 318, 89, 25) 

Cyclopentane (318, 46, 340) 

Methylcyclopentane (104, 307, 318) 

Ethylcyclopentane (104, 313, 307, 318) 

1,1-Dimethylcyclopentane (318, 331) 

cis-1,2-Dimethylcyclopentane (138, 318) 

trans-1,2-Dimethylcyclopentane (138, 318) 

cis-1,3-Dimethylcyclopentane (318, 328) 

trans-1,3-Dimethylcyclopentane (318) 

n-Propylcyclopentane (318) 

Isopropylcyclopentane (318, 119, 158) 

Cyclohexane (148, 353, 269, 48, 276, 181) 

Methyicyclohexane (318, 353, 306, 208) 

Ethylcyclohexane (318, 353) 

1,1-Dimethylcyclohexane (138, 318) 

cis-1,2-Dimethyleyclohexane (353, 318) 

trans-1,2-Dimethylcyclohexane (353, 318) 

cts-1,3-Dimethylcyclohexane (353, 318) 

trans-|,3-Dimethylcyclohexane (353, 318) 

cts-1,4-Dimethylcyclohexane (353, 318) 

trans-|,4-Dimethylcyclohexane (353, 318) 

n-Propylicyclohexane (318, 353) 

Isopropylcyclohexane (119, 138) 

n-Butylcyclohexane (318) 

n-Decylcyclohexane (318, 119) 

1-Methy1-1-ethylcyclopentane (252, 318, 113) 

Cycloheptane (318, 131) 

Cyclooctane (131, 299, 157, 1) 

Ethylene (74, 228, 76, 240, 361, 323) 

Propylene (85, 126, 229, 140, 270, 191, 279, 334, 
173, 323, 299) 

1-Butene (164, 224, 57, 44, 61, 191, 279, 310, 
170, 193, 255, 350) 

cis-2-Butene (61, 291, 134, 335) 

trans-2-Butene (61, 134,335) 

Isobutene (191, 262, 283) 

1-Pentene (290, 106, 318, 136, 313, 356, 323) 

cts-2-Pentene (104, 318, 289) 

trans-2-Pentene (104, 318, 289) 

2-Methyl-1-butene (318, 290, 363) 

2-Methyl-2-butene (318, 191, 290) 

3-Methy]-1-butene (318, 289) 

1-Hexene (137, 323) 
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cis-2-Hexene (318, 81) 

trans-2-Hexene (318, 81) 

cis-3-Hexene (318, 118) 

trans-3-Hexene (318, 118) 

2-Methyl-1-pentene (318, 81) 

2-Methy1-2-pentene (318, 81) 

3-Methy]-1-pentene (318, 118) 

3-Methyl-cis-2-pentene (318, 118) 

4-Methyl-1-pentene (318, 81) 

4-Methyl-cis-2-pentene (318) 

4-Methyl-trans-2-pentene (318) 

2,3-Dimethyl-1-butene (318, 81) 

2,3-Dimethy1-2-butene (318, 51, 81, 288) 

3,3-Dimethyl-1-butene (318, 122, 51, 299) 

2-Ethyl-1-butene (318, 81) 

1-Heptene (137, 201, 62, 318) 

cis-2-Heptene (318) 

trans-2-Heptene (318, 66) 

cis-3-Heptene (318) 

trans-3-Heptene (318, 66) 

2-Methyl-1-hexene (318, 286) 

3-Methyl-1-hexene (318) 

4-Methyl-1-hexene (318) 

2-Ethyl-1-pentene (318) 

3-Ethyl-I-pentene (318) 

2,3,3-Trimethyl-1-butene (318, 299) 

1-Octene (318, 137) 

trans-2-Octene (318) 

trans-3-Octene (318) 

trans-4-Octene (318) 

2-Ethyl-1-hexene (318) 

2,4,4-Trimethyl-1-pentene (318, 358, 82) 

2,4,4-Trimethyl-2-pentene (82, 318) 

1-Nonene (318) 

1-Decene (318, 137) 

1-Undecene (318) 

1-Dodecene (318) 

1-Tridecene (318) 

1-Tetradecene (318) 

1-Pentadecene (321) 

1-Hexadecene (318) 

1-Heptadecene (323, 2, 158, 284) 

1-Octadecene (318) 

1-Nonadecene (323) 

1-Eicosene (318) 

Cyclopentene (331) 

Cyclohexene (271, 331) 

Cycloheptene (299, 202, 94, 337) 

Cyclooctene (94, 202, 135) 

Cyclopentadiene (196, 49, 163, 356) 

1,3-Butadiene (61, 192, 143, 161, 164, 232, 262, 
292, 333, 212, 134, 193, 255, 349) 

Tsoprene (65, 318) 

3-Methyl-1,2-butadiene (318, 104, 251, 299) 

1,2-Pentadiene (318, 251) 

cis-1,3-Pentadiene (318, 251) 

trans-|,3-Pentadiene (318, 251) 

1,4-Pentadiene (318) 

2,3-Pentadiene (318, 251, 299, 316) 

1,3-Cyclohexadiene (226, 197, 120, 308) 

2,3-Dimethyl-1,3-butadiene (99, 123) 

1,5-Hexadiene (99, 299, 197) 
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trans, trans-2,4-Hexadiene (197, 123) 

1,5-Cyclooctadiene (66) 

Acetylene (219, 336, 15, 318) 

Methylacetylene (318, 246, 330) 

Dimethylacetylene (331, 324) 

3-Methyl-1-butyne (324) 

1-Pentyne (324) 

1-Hexyne (149, 157, 324) 

2-Hexyne (324) 

3-Hexyne (324, 275) 

Benzene (60, 312, 364, 360, 6, 322, 7) 

Toluene (53, 8, 353, 364, 115, 313, 322) 

Ethylbenzene (8, 20, 189, 253, 322, 7) 

m-Xylene (263, 138, 175, 8, 322, 7) 

o-Xylene (148, 263, 353, 8, 322, 7) 

p-Xylene (263, 19, 322, 239, 7, 349) 

n-Propylbenzene (136, 353, 322, 199) 

1,2,3-Trimethylbenzene (318, 65, 322) 

1,2,4-Trimethylbenzene (148, 165, 318, 65, 322) 

m-Ethyltoluene (318, 328, 322) 

o-Ethyltoluene (318, 328, 322) 

p-Ethyltoluene (318, 328, 322, 204, 105) 

n-Butylbenzene (318, 331, 199) 

Isobutylbenzene (318) 

sec-Butylbenzene (318, 271) 

tert-Butylbenzene (318, 271) 

m-Diethylbenzene (318, 138) 

o-Diethylbenzene (318, 138) 

p-Diethylbenzene (318) 

m-Cymene (318, 37) 

o-Cymene (318, 37) 

p-Cymene (318, 328, 37) 

2-Ethyl-m-xylene (132, 318) 

2-Ethyl-p-xylene (121, 314, 318) 

3-Ethyl-o-xylene (318) 

4-Ethyl-m-xylene (121, 314, 318) 

4-Ethy]l-o-xylene (121, 318) 

5-Ethyl-m-xylene (121, 314, 318) 

1,2,3,5-Tetramethylbenzene (318, 64, 302) 

1,2,4,5-Tetramethy!lbenzene (318) 

n-Pentylbenzene (318) 

n-Hexylbenzene (318) 

m-Diisopropylbenzene (113, 223) 

p-Diisopropylbenzene (223, 237) 

n-Heptylbenzene (318) 

n-Octylbenzene (318, 3) 

Styrene (67) 

alpha-Methylstyrene (313, 319, 236, 338, 342, 
50) 

m-Methylstyrene (91) 

o-Methylstyrene (91, 299) 

p-Methylstyrene (91) 

n-Nonylbenzene (318, 3) 

n-Decylbenzene (318, 79) 

n-Undecylbenzene (318) 

n-Dodecylbenzene (318, 105, 3, 248, 214, 329) 

n-Tridecylbenzene (318) 

Cumene (209, 322, 37) 

Mesitylene (318, 322) 


Ethynylbenzene (111, 203, 266) 

cis-|-Propenylbenzene (319, 222) 

trans-\-Propenylbenzene (258, 59) 

m-Divinylbenzene (313, 114) 

2-Phenyibutene-1 (277, 242) 

Cyclohexylbenzene (355, 295, 125, 142, 200) 

cis-Decahydronaphthalene (32) 

trans-Decahydronaphthalene (32) 

1,2,3,4-Tetrahydronaphthalene (28, 178, 355, 
239, 281, 133, 245) 

Indane (315, 112, 13, 166) 

Indene (31, 72) 

Biphenyl (232, 88, 144, 148, 281) 

Naphthalene (318, 4, 80, 96, 97, 130, 139, 174, 
241, 343, 27, 107, 27) 

1-Methylnaphthalene (148, 237, 355, 207, 348) 

2-MethyInaphthalene (80, 39) 

2,6-Dimethylnaphthalene (250) 

2,7-Dimethylnaphthalene (157, 250) 

1-Ethylnaphthalene (318, 113, 190, 198, 234) 

1-n-Butylnaphthalene (42, 52) 

Anthracene (33, 320) 

Phenanthrene (29, 250) 

Pyrene (170, 303, 328, 318) 

Chrysene (170, 108, 30) 

Acenaphthene (34) 

Fluorene (297, 235) 

Bicyclohexyl (271, 347) 

Fluoranthene (34) 

cis-Stilbene (110, 71, 68, 100, 63, 316, 84, 352, 
272) 

1,1-Diphenylethane (110, 284) 

1,2-Diphenylethane (253) 

m-Terphenyl (116) 

o-Terphenyl (116) 

Pyridine (184, 217, 254, 36) 

Isoquinoline (41) 

Quinoline (35) 

Dibenzopyrrole (171, 313, 65, 282, 235) 

Acridine (313, 26, 309) 

Indole (40) 

Thiophene (318, 313, 65, 271, 16, 238) 

Tetrahydrothiophene (271, 168, 318, 16) 

Methyl mercaptan (318, 212, 313, 316) 

Carbonyl sulfide (211, 273, 209, 313, 180) 

Ethyl mercaptan (318, 313, 218, 249, 316) 

Methanol (351, 320, 313, 11, 12, 206, 5, 305, 
255) 

Ethanol (320, 171, 351, 11, 188, 359, 141, 231, 
313, 285, 298) 

Isopropanol (11, 328, 351, 65, 183, 320, 317, 14, 
9, 272, 204, 105, 298, 313) 

2-Methyl-2-propanol (14, 11, 320, 351, 313, 
298) 


Methy] tert-buty] ether (260, 272, 10, 5, 38, 43, 
105, 255, 349) 

tert-Buty] ethyl ether (117, 124, 261) 

Diisopropyl ether (184, 271, 313, 10, 117) 

Methyl tert-pentyl ether (272, 87, 257) 
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PROCEDURE 5A1.16 
PREDICTION OF VAPOR PRESSURE OF PURE HYDROCARBONS 
Discussion 


The following equation is useful for estimating the vapor pressure of pure hydrocarbons (and 
narrow-boiling petroleum fractions) when the critical properties are known or can be estimated. When 


the critical properties are not available or cannot be accurately estimated, Procedure 5A1.19 should 
be used. 


0 1 
In p*= (In p*) +a (in p*) ‘” at constant T. (SA1.16-1) 


Where: 
p,/* = reduced vapor pressure, p/De- 


p = vapor pressure, in pounds per square inch absolute. 
P, = critical pressure, in pounds per square inch absolute. 
(in py) and (In py) = correlation terms that are given in tabular and graphical form. 
@ = acentric factor of hydrocarbon. 
T, = reduced temperature, 7/7... 
T = temperature, in degrees Rankine. 
T, = critica] temperature, in degrees Rankine. 


Procedure 


Siep /: Obtain the critical temperature and critical pressure from Chapter 1 or, if not available, 
estimate values by the procedures of Chapter 4. 

Step 2: Calculate the reduced temperature. 

Step 3: Obtain the acentric factor of the hydrocarbon from Chapter 1 or Chapter 2. 

Step 4: Obtain the correlation terms (In po and (In py by either interpolating linearly from 
Table 5A1.17 or, at a small sacrifice in accuracy, by reading directly from Figure 5A1.18. [Alternately 
use equations (5A1.16-2) and (5A1.16-3).] 

Step 5: Calculate the reduced vapor pressure by using equation (5A1.16-1). The vapor pressure is 
obtained by multiplying the reduced vapor pressure by the critical pressure. 


For computer calculations, the correlation terms which are equivalent to Table 5A1.17 are given by 
the following equations: 


(In pt)“ = 5.92714 - 6.09648/T, - 1.28862 In T. + 0.1693477° (SA1.16-2) 


(1) 


(In p*) 15.2518 — 15.6875/T, — 13.4721 nT + 0.435777" (5A1.16-3) 
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COMMENTS ON PROCEDURE 5A1.16 


Purpose 


Procedure 5A1.16 is presented as the best method for estimating the vapor pressure of a pure 
hydrocarbon which is not treated directly in Procedures 5A1.1 or 5A1.3 or Figures 5A1.5 through 
5A1.15. The critical conditions and acentric factor must be known or estimated. The method can also 
be applied to narrow-boiling petroleum fractions. In the absence of critical data, use Procedure 
5A1.19. 


Limitations 


Equation (SA1.16-1) is valid only for nonpolar substances. The method is restricted to reduced 
temperatures greater than 0.30 but below the critical point. Care should be taken not to use the 
equation below the freezing point. 


Reliability 


Equation (5A1.16-1) reproduces experimental data for pure hydrocarbons to within an average 
error of 3.5 percent when the critical properties are known. The method is most reliable for reduced 
temperatures between 0.5 and 0.95. When the critical properties and the acentric factor must be 
estimated the errors will be larger. The method has not been tested with petroleum fraction data. 


Literature Sources 


This procedure is based on the vapor pressure equations of Lee, B.J. and Kesler, M.G., AIChE J. 
21 510 (1975). 


Example 

Estimate the vapor pressure of 1-butene at 208.4 F. 

From Chapter 1, the critical temperature is 295.6 F and the critical pressure is 583 psia. The reduced 
208.4 + 459.7 
295.6 + 459.7 — O88 
From Chapter 2, the acentric factor is 0.1867. By linear interpolation from Table 5A1.17 


-(in p,*)© = 0.7232 and —(In p,*) = 0.6197. 


temperature is 


Using equation (5A1.16-1): 


In p,* = -0.7232 + 0.1867 (0.6197) = -0.8389 
p,* = 0.4322 
p’ = 0.4322 (583) = 252 psia 


The experimental value is 250 psia. 
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5A1.17 
TABLE 5A1.17 
CORRELATION TERMS FOR USE IN PROCEDURE 5A1.16 
T, ~(In pry -(In py) 
1.00 0.000 0.000 
0.98 0.118 0.098 
0.96 0.238 0.198 
0.94 0.362 0.303 
0.92 0.489 0.412 
0.90 0.621 0.528 
0.88 0.757 0.650 
0.86 0.899 0.781 
0.84 1.046 0.922 
0.82 1.200 1.073 
0.80 1.362 1.237 
0.78 1.531 1.415 
0.76 1.708 1.608 
0.74 1.896 1.819 
0.72 2.093 2.050 
0.70 2.303 2.303 
0.68 2.525 2.579 
0.66 2.76] 2.883 
0.64 3.012 3.218 
0.62 3.280 3.586 
0.60 3.568 3.992 
0.58 3.876 4.440 
0.56 4.207 4.937 
0.54 4.564 5.487 
0.52 4.951 6.098 
0.50 5.370 6.778 
0.48 5.826 7.537 
0.46 6.324 8.386 
0.44 6.869 9.338 
0.42 7.470 10.410 
0.40 8.133 11.621 
0.38 8.869 12.995 
0.36 9.691 14.560 
0.34 10.613 16.354 
0.32 11.656 18.421 
0.30 12,843 20.820 
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PROCEDURE 5A1.19 


PREDICTION OF VAPOR PRESSURE OF PURE HYDROCARBONS AND 
NARROW-BOILING PETROLEUM FRACTIONS 


Discussion 


Figures 5A1.20 and 5A1.21 are useful for estimating the vapor pressure of pure hydrocarbons and 
narrow-boiling petroleum fractions when the critical properties or the acentric factors are not known 
and cannot be estimated. When these properties are available, Procedure 5A1.16 is recommended. 


Procedure 


Step {: Obtain the normal boiling point of the hydrocarbon from Chapter 1 and the Watson K from 
Chapter 2. 

Step 2: Read a vapor pressure from Figure 5A1.20 using t, = ¢,, where t, is the normal boiling 
point and 7, is the normal boiling point corrected to K = 12 (both in degrees Fahrenheit). For 
naphthenes, olefins, acetylenes, and low-molecular-weight (<Cs) paraffins, it is not generally bene- 
ficial to apply the Watson K-correction, so the procedure is complete. For other hydrocarbons, proceed 
to Step 3. 

Step 3: Using the vapor pressure from Step 2, obtain a K-correction from Figure 5A1.21. Subtract 
this Ar (corrected with f multiplier for superatmospheric pressures) from the true normal boiling point 
to get the corrected normal boiling point, t;. 

Step 4: Repeat Steps 2 and 3 until the pressure used to estimate the K-correction in Step 3 agrees 


within desired limits with the value predicted in Step 2. In each repetition, the tj, from Step 3 is used 
in Step 2. 


NOTE: To estimate a normal boiling point from a known vapor pressure, simply determine the tj), from 
Figure 5A1.20 and add the K-correction from Figure 5A1.21. No trial-and-error approach is 
necessary. 


This procedure may also be used with a digital computer. Figure 5A1.20 was generated from the 
following equations: 
3000.538X - 6.761560 
43 X — 0.987672 


._. 2663.129.X — 5.994296 

| i 19- 

08 PT 95-76 —0,972546 Cade?) 
for 0.0013 < X < 0.0022 (2 mm Hg < p* < 760 mm Hg) 


«_ 2770.085X — 6.412631 r 7 , 


log p*= for X > 0.0022 (p* <2 mm Hg) (SA1.19-1) 


Where: 
p* = vapor pressure, in mm Hg. 
’ 


T, la 
<> - 0.002867 ( 7; ) 


aE 748.1 —0.2145( 7) ah) 
Where: 


Tj, = normal boiling point corrected to K = 12, in degrees Rankine. 
T = absolute temperature, in degrees Rankine. 


Figure 5A1.15 was generated from the following two equations: 


AT = T, -T), = 2.5f (K-12) log (5A1.19-5) 
Where: 
T, = normal boiling point, in degrees Rankine. 


f = correction factor. For all subatmospheric vapor pressures and for all substances having nor- 
mal boiling points greater than 400 F, f = 1. For substances having normal boiling points 
less than 200 F, f= 0. For superatmospheric vapor pressures of substances having normal 
boiling points between 200 F and 400 F, f is given by: 


T, — 659.7 


K = Watson characterization factor. 
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COMMENTS ON PROCEDURE 5A1.19 


Purpose 


Procedure 5A1.19 is presented as an alternate method of estimating the vapor pressure of pure 
hydrocarbons or narrow-boiling hydrocarbon mixtures. It should be used for pure hydrocarbons only 
when Procedure 5A1.16 cannot be applied because critical properties or acentric factors are not avail- 
able. The normal boiling point and Watson characterization factor must be known. 


Limitations 


This procedure is limited to pure hydrocarbons and narrow-boiling petroleum fractions, i.e., those 
having less than 50 F difference in a true-boiling-point (TBP) distillation. Wide-boiling fractions must 
be treated by the appropriate procedures in Chapter 8. 


Reliability 


Figure 5A1.20 reproduces experimental data for pure hydrocarbons to within an average error of 
eight percent for p* > 1 mm Hg and 30 percent for p* between 10° and 1 mm Hg. For p* < 10° mm 
Hg no experimental data are available and the reliability of the method is unknown. The method is 
most reliable for vapor pressures near atmospheric pressure. The method has not been tested with 
petroleum fraction data. 


Literature Sources 


Figures 5A1.20a—e and 5A1.21 and equations (5A1.19-4) and (5A1.19-5) were adapted from Max- 
well and Bonnell, Vapor Pressure Charts for Petroleum Engineers, Esso Research and Engineering 
Company, Linden, N.J. (1955). Equations (5A1.19-1) through (5A1.19-3) were obtained from Exxon 
Research and Engineering Company, Florham Park, NJ., private communication (1977). 
Figure 5A1.20f is from Beerbower, A. and Zudkevitch, D., “Predicting the Evaporation Behavior of 
Lubricants in the Space Environment,” Preprints, Division of Petroleum Chemistry, American Chem- 
ical Society, Los Angeles Meeting, 8(2) C-99 (April 1963), 


Examples 


A. Calculate the vapor pressure of 1,2,3,4-tetrahydronaphthalene (tetralin) at 302 F. 

From Chapter 1, the boiling point is 405.7 F, and from Chapter 2, the Watson K is 9.78. 

For the first trial, assume tj, = t, = 405.7. Using this 13, and the desired temperature, 302 F, the 
first estimate of the vapor pressure is read from Figure 5A1.20a as 0.20 atm. This vapor pressure 
(152 mm Hg) and a Watson X of 9.78 are used in Figure 5A1.15 to estimate the Watson K-correction, 
At = 4.0 F. The t, for the second trial is 1, — (t, — 13,) = 405.7 — 4.0 = 401.7 F. 

Using the new 7}, the second trial vapor pressure is 0.21 atm (160 mm Hg) from Figure 5A1.20a. 
From Figure 5A1.15, the new Watson K-correction is 3.9 F,; thus, the third trial 74, is 405.7 -— 3.9 = 
401.8 F. 

With t,, = 401.8 F, the estimated vapor pressure for the third trial is read from Figure 5A1.20a as 
0.21 atm. This value is identical with the second trial vapor pressure; thus, the trial-and-error solution 
is satisfied. 

The estimated vapor pressure, 3.1 psia, agrees well with an experimental value of 3.13 psia. 


B. A petroleum fraction exhibits the following TBP distillation curve at 10 mm Hg: 


Distillation, percent by volume ....... 10 30 50 70 90 
Temperature, deg FF ................ 350 380 425 500 600 


Estimate the average normal boiling point of the 10- to 30-percent portion (the Watson K is 12.5) 
of the fraction. 

The average boiling point at 10 mm Hg is 365 F. From Figure 5A1.20b,1;, = 628 F. From Figure 
5A1.21, t, — }, = -2.4 F. Therefore, the average normal boiling point =1j, + (t ~ t4,) = 628 -2.4 = 
626 F. 
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COMMENTS ON FIGURE 5B1.1 


Purpose 


Figure 5B1.1 is useful for estimating the true vapor pressure (tvp) of a gasoline or a finished 
petroleum product at normal storage temperatures. The true vapor pressure of crude oils should be 
determined using Figure 5B1.2. 


Reliability 
No estimate of the reliability of this figure is available, 


Notation 
—4; 


T, 
Slope = slope of the ASTM D 86 distillation curve at ten percent by volume distilled = =" ; 
in degrees Fahrenheit per percent distilled. 


Special Comments 


In the absence of distillation data, the following approximate values of the ASTM ten percent slope 


may be used: 
Motor gasoline 3 Light naphtha (9 to 14 psi Rvp) 3.5 


Aviation gasoline 2 Naphtha (2 to 8 psi Rvp) 2.5 


The following equation can be used instead of Figure 5B1.1: 
T = temperature, in degrees Rankine. 


°F 
S = ASTM ten percent slope %Distilied * 
Reid = Reid vapor pressure, in pounds per square inch. 
VP = exp () (A+B./S+C In (Reid) + DJS In (Reid) 
+ PxReid + (E+ GJS +H./S In (Reid) + Ox Reid) x T 
+ [ZI + ZJ JS + ZK In (Reid) + ZL./S In (Reid) 


+ ZM x Reid + ZN (Reid)’ | ) iF 


A = 21.36512862 ZJ = 2306.00561642 
B = -6.7769666 ZK = 1097.68947465 
C = -0.93213944 ZL = —463.19014182 
D = 1.42680425 2M = 65.61239475 
E = -0.00568374 ZN = 0.13751932 

G = 0.00477103 O = 0.00030246 

H = -0.00106045 P = ~0.29459386 


ZI = —10177.78660360 


Literature Source 


The figure is given in API Bull. 2513: Evaporation Loss in the Petroleum Industry—Causes and 
Control, American Petroleum Institute, New York (1959, Reaffirmed 1973). The equations were 
derived in API Publication 2517: Evaporative Loss from External Floating Roof Tanks” Third edition, 


1989. 


Example 


Estimate the tvp at 70 F of a naphtha having a ten percent ASTM slope of 3.5 and a Reid vapor 


pressure (Rvp) of 11 psi. 
Locate the point on the grid of Figure 5B1.1 corresponding to a slope of 3.5 and Rvp of 11. A 
straight line extended from the 70 F point on the temperature scale through this grid point intersects 


the tvp scale at 6.9 psia. 
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5B1.2 
COMMENTS ON FIGURE 5B1.2 
Purpose 
Figure 5B 1.2 is useful for estimating the true vapor pressure (tvp) of a crude oil at normal storage 
temperatures. The true vapor pressures of gasolines and finished products should be determined using 
Figure 5B1.1. 
Reliability 
No estimate of the reliability of this figure is available. 
Special Comments 
The following equation can be used instead of Figure 5B1.2. 
T = temperature, in degrees Rankine. 
Rvp = Reid vapor pressure, in pounds per square inch. 
Invp= A+B in(Rvp) +C(Rvp) + DT 
( E+ F \n (Rvp) +G(Rvp)* ) 
D T 
A = 7.78511307 
B = -1.08100387 
C = 0.05319502 
D = 0.00451316 
E = -5756.85623050 
F = 1104.41248797 
G = -0.00068023 
Applicable Ranges: 
OF <T (°F) < 140 F and 2 psi < Rvp < 15 psi 
Literature Source 
The figure was given in API Bull. 2513: Evaporation Loss in the Petroleum Industry—Causes and 
Control, American Petroleum Institute, New York (1959, Reaffirmed 1973). Also API Publication 
2517, Third Edition, February 1989. 
Example 
Estimate the tvp at 70 F of a crude oil having an Rvp of 6 psi. 
A straight line on Figure 5B1.2 connecting the 70 F point on the temperature scale and the 6 psi 
Rvp point intersects the tvp scale at 4.2 psia. 
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PROCEDURE 5B1.3 
PREDICTION OF REID VAPOR PRESSURE 


Discussion 


This procedure predicts the Reid vapor pressure of a mixture of pure compounds and/or petroleum 
fractions characterized by pseudocomponents by simulating the ASTM Procedures D 4953-90 and 
D 323-90, estimating the properties necessary, and calculating the flash pressure by Data Book 
Procedures. 

The method calculates the vapor pressure of the liquid specified by taking one part by volume of 
the liquid sample cooled to 33 F and combining it with four parts by volume of air at 70 F, 14.7 psia 
after which the sample is equilibrated at 100 F at constant total volume. The calculated pressure is the 
Reid vapor pressure. 

The method does not account for water in the experiment because the water content of air is 
neglected. ASTM Procedure D 4953-90 also states that the Reid vapor pressure apparatus should be 
thoroughly dried before beginning any test. Therefore, water is not considered present in the liquid 
phase. Tests of this procedure using water saturated air have shown that the change in predicted Reid 
vapor pressure is negligible. 


Procedure 


Step 1; From the ASTM D 86 distillation data, obtain the true boiling point temperature (TBP) of 
the fraction using Procedure 3A1.1. 

Step 2: Determine the specific gravity of the sample from experimental API gravity data. 

Step 3: Determine the mean average boiling point (MeABP) from the TBP data using Procedure 
2B1.1. Use the MeABP and specific gravity to determine the Watson K of the fraction. 

Step 4: Determine the molecular weight of the fraction using Procedure 2B2.1. Calculate the liquid 
molar density of the fraction using the molecular weight and specific gravity. All liquid densities are 
assumed to be constant for this procedure. 

Step 5: From the TBP data, assume five pseudocomponents each 20 percent by volume of the total 
fraction with average boiling points at the TBP temperatures calculated at 10, 30, 50, 70, and 90 per- 
cent distilled. Assume a constant Watson K value and determine the specific gravity of each pseudo- 
component. 

Step 6: Characterize the pseudocomponents using: 


Critical Temperature Procedure 4D3.1 
Critical Pressure Procedure 4D4.1 
Acentric Factor Procedure 2B3.1 
Molecular Weight Procedure 2B2.1 


The liquid molar densities of each pseudocomponent can be determined from the specific gravities 
and molecular weight. From the molar density, the mole fractions of all pseudocomponents can be 
determined. 

Step 7: Saturate the liquid sample with air. This is accomplished by flashing the liquid sample with 
two percent air using Procedure 8D1.1 at 33 F and 14.696 psia. The fraction is considered five 
pseudocomponents. The composition of the resulting liquid is then used as the liquid sample for the 
simulation. 

Step 8: Using the density of air at 70 F, 14.7 psia determined from the ideal gas law, 0.002585 
Ib-moles per cu. ft, determine the Ib-moles of air in 4 fC of gas to give and initial volume ratio of four 
parts air to one part liquid. 

Step 9: Mix the total moles of air and sample to determine the overall composition of the mixture. 

Step 10: Make a flash calculation of the mixture at 100 F using Procedure 8D1.1 iterating on pres- 
sure until the sum of the vapor and liquid volumes is 5 fC. The resulting pressure is the Reid vapor 
pressure. 


5B1.3 
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5B1.3 
COMMENTS ON PROCEDURE 5B1.3 
Purpose 
This procedure is to be used to simulate ASTM Reid vapor pressure procedures. 
Limitations 
This procedure is limited to mixtures of pure compounds and petroleum fractions. When consider- 
ing petroleum fractions, some characterization must be performed to obtain the necessary constants 
for Procedure 8D1.1. 
The procedure has not been extensively tested and should not be used beyond the applicable range 
of Procedure 8D1.1. 
Reliability 
This procedure has not been extensively tested as experimental data are sparse. Errors in Reid vapor 
pressure can be expected to be of the order of ten percent for light petroleum fractions and 15 to 25 
percent for heavy petroleum fractions (average boiling point greater than 230 F). This procedure has 
also been tested against experimental data for gasoline blends with MTBE and methanol where errors 
are less than ten percent of the experimental Reid vapor pressure. 
Example 
Predict the Reid vapor pressure of a narrow boiling petroleum fraction from the data below. 
API Gravity 59.2 
ASTM D 86 Data 
% Distilled ASTM D 86 Temperature (F) 
IP 87 
10 128 
30 176 
50 218 
70 265 
90 357 
EP 430 
Using the ASTM D 86 data and Procedure 3A1.1, the true boiling point temperatures are 
determined. 
Predicted TBP Data 
% Distilled TBP Temperature (F) 
IP 10.1 
10 79.5 
30 157.9 
50 218.4 
70 277.8 
90 370.2 
EP 516.8 
The specific gravity of the sample is obtained from the definition of API gravity. 
141.5 
SG = —_—___ 
(APIG + 131.5) 
SG = 0.7420 
The mean average boiling point is determined from Procedure 2B1.1. 
MeABP = 191 F 
The Watson K can then be calculated from its definition 
1 
x = (MeABP + 459.67)* 
SG 
K=11.7 
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5B1.3 
Procedure 2B2.1 is used to determine the molecular weight of the fraction 
MW =95 
The liquid molar density is calculated from the specific gravity and molecular weight 
p = 0.49 Bot 
ft 
lb SG 
p= (0237-5) eee 
fe MW 
Five pseudocomponents are generated. Assume these pseudocomponents have average boiling 
points equal to the TBP temperatures at 10, 30, 50, 70, and 90 percent. The pseudocomponents are 
characterized below. 
Properties of Pseudocomponents 
Component AVE BP TC PC ACEN SG MW Density 
1 79.5 391.8 612.9 0.1979 0.6968 67.8 0.6405 
2 157.9 484.4 518.0 0.2504 0.7291 86.3 0.5266 
3 218.4 552.9 457.7 0.2932 0.7521 102.3 0.4586 
4 277.8 618.2 407.3 0.3376 0.7735 119.6 0.4035 
5 370.2 716.3 343.1 0.4069 0.8045 149.9 0.3346 
From this information, the overall feed composition of the fraction in terms of pseudocomponents is 
0.20p, 
pes 
> 0.20p, 
ed 
Z, = 0.2710 
Zy = 0.2228 
23 = 0.1940 
24 = 9.1707 
Zs = 0.1416 
The molar density as determined by a molar average of the pseudocomponent densities is 
5 
Pave = 2D 2/0; 
i=l 
lb-mol 
Pave = 9.50 5 
ft 
The fraction is flashed with two percent air at 33 F and 14.696 psia using Procedure 8D1.1. The 
resulting liquid phase is mixed with four parts air. The overall composition of the feed then becomes 
Z; = 0.2653 
Zy = 0.2181 
Z3 = 0.1900 
Z4 = 0.1671 
Zs = 0.1386 
Zo = 9.0043 
2ny = 0.0165 
This mixture is flashed at 100 F. A starting estimate for the pressure is required. Both the liquid and 
vapor molar volumes are determined by the Soave equation of state using Procedure 8D1.1. Iteration 
on pressure continues until the sum of the liquid and vapor volumes is five cubic feet. 
The predicted Reid vapor pressure is 8.6 psia. (The experimental value is 8.5 psia.) 
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PREFACE 


The first edition of the Technical Data Book—Petroleum Refining was published 
in 1966. That edition included recommendations for correlating and predicting 
densities based on the available literature through 1964. In 1972 the liquid density 
portion of the chapter was revised, and the vapor density portion was revised in 
1976. 

Since that time a number of new correlations and considerable additional data 
have become available. Thus, in 1983 the Data Book project staff in the Depart- 
ment of Chemical Engineering at The Pennsylvania State University began a re- 
vision of Chapter 6. The results of these evaluations are included in this chapter 
revision. Detailed results of the evaluations and information supporting the selec- 
tion of the methods for inclusion in this chapter are presented in Documentation 
Report No. 6-84, available from University Microfilms, Ann Arbor, Michigan. 

The evaluation work for this revision of the chapter was done by Mr. John L. 
Lobo under the direction of Drs. Ronald P. Danner and Thomas E. Daubert. The 
technical work for the chapter was reviewed by the Technical Data Committee of 
the American Petroleum Institute. The advisory committee for Chapter 6 consisted 
of J. S. Lasher, Gulf Oil Corporation (chapter coordinator), M. A. Albright, 
Phillips Petroleum Company, and C. F. Spencer, M. W. Kellogg Company. 


Ronald P. Danner 

Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

January 1984 


Information Handling Services, 


2000 


API TDB CHAPTER*& ** MM 0732290 0536570 &3T 


CHAPTER 6 
DENSITY 
PAGE 
620" TintrO dW Ction’ 6. sceissctvaseeiccariasdegbeaacas ceva seareeesteeeousvodeveets desesensaaesstarsauaseiiaad veraetal 6-1 
Figure 6-0.1 Liquid Density Calculation Procedures ....... 6-2 
Table 6-0.2 Excess Volumes for Hydrocarbon 
SYSUEMS ote sets iisscethacsyerdedeceveysticvatevsvesdseessadest 6-4 
6A Density of Liquid Systems 
6Al Density Conversion Tables 
Table 6A1.1 Density Conversion ........cecccessceseseeseserneeeees 6-7 
6A2 Density of Pure Liquid Hydrocarbons 
Figure 6A2.1 Specific Gravity of Liquid Normal 
Paraffin Hydrocarbons at Saturation 
PHESSULES? \s.os. se: Shed esetaedpeg ed theses ceessesetehs Sree 6-19 
Figure 6A2.2 Specific Gravity of Liquid Isomeric 
Heptanes at Saturation Pressures ..........00 6-20 
Figure 6A2.3 Specific Gravity of Liquid Isomeric 
Octanes at Saturation Pressures ........scseseree 6-21 
Figure 6A2.4 Specific Gravity of Liquid Isomeric 
Octanes at Saturation Pressures .............0. 6-22 
Figure 6A2.5 Specific Gravity of Liquid Branched 
Paraffin Hydrocarbons at Saturation 
PLESSUTES® si c.selsavevestosssgeanseeevanziesedsteiedssesdenseey 6-23 
Figure 6A2.6 Specific Gravity of Liquid Naphthene 
Hydrocarbons at Saturation Pressures ........ 6-23 
Figure 6A2.7 Specific Gravity of Liquid 1,3-Butadiene 
at Saturation Pressures  ...........ccesesesceeeeeeee 6-24 
Figure 6A2.8 Specific Gravity of Liquid Olefin 
Hydrocarbons at Saturation Pressures ........ 6-24 
Figure 6A2.9 Specific Gravity of Liquid Aromatic 
Hydrocarbons at Saturation Pressures ........ 6-25 
Figure 6A2.10 Specific Gravity of Liquid 
Dimethylbenzenes at Saturation 
PréSSUYeS. oy. udet elaine tatiana 6-25 
Figure 6A2.11 Specific Gravity of Liquid Aromatic 
Hydrocarbons at Saturation Pressures ........ 6-26 
Figure 6A2.12 Specific Gravity of Liquid Acetylenes at 
Saturation Pressures  ..........00..eeee eee eee 6-26 
Procedure 6A2.13 Saturated Liquid Densities of Pure 
Components: sehen Accdidadbenecteenabenteeds 6-29 
Table 6A2.14 Input Parameters for Equations 
(6A2.13-1) and (6A2.15-1) for 
Calculating Pure Saturated Liquid 
DeniStti@S: scsi sassieaeyscceescss ete eee oie 6-31 
Procedure 6A2.15 Saturated Liquid Densities of Pure 
Components cic ssecs cevediiees se esbeesecaeens oeeecives 6-37 
Vv 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 


Febuary 22, 2000 143° 3'235.33 


2000 


API TDB CHAPTER*b ** MM 0732290 0536571 57b 


Figure 6A2.16 


Table 6A2.17 


Figure 6A2.18 


Table 6A2.19 


Figure 6A2.20 


Table 6A2,21 


Figure 6A2.22 


Procedure 6A2.23 


PAGE 


Specific Gravities of Liquid 
Hydrocarbons at One Atmosphere 
(Low-Temperature Range) .........:ceescesesees 6-39 


Temperature Ranges for Specific 
Gravity of Liquid Hydrocarbons at One 
Atmosphere (Low Temperature) .............06 6-41 


Specific Gravity of Liquid Paraffins and 
Olefins at Atmospheric Pressure «0.0.0... 6-43 


Grid Coordinates and Temperature 

Ranges for Specific Gravity of Liquid 

Paraffins and Olefins at Atmospheric 

PICSSUTE « sides. descsiee Gevekdeorietessciriisontiae alk 6-45 


Specific Gravity of Liquid Naphthenes 
and Aromatics at Atmospheric Pressure ..... 6-47 


Grid Coordinates and Temperature 

Ranges for Specific Gravity of Liquid 

Naphthenes and Aromatics at 

Atmospheric Pressure ..........::ccceesesseeseeseeees 6-49 
Densities of Compressed Pure Liquid 
Hydrocarbons and Their Defined 

MU XtURES) sce auiesidyevatreadieniceiapentteneaesieves 6-53 
Analytical Method for the Densities of 
Compressed Pure Liquids wu.ucecceeeseseseeees 6-55 


6A3 Density of Liquid Mixtures 


Procedure 6A3.1 
Procedure 6A3.2 


Procedure 6A3.3 


Procedure 6A3.4 


Figure 6A3.5 


Procedure 6A3.6 


Procedure 6A3.7 
Figure 6A3.8 


Figure 6A3.9 


vi 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 2000 14s 3235.33 


Densities of Defined Liquid Mixtures at 

Their Bubble Points ........cececcsesessresteenseees 6-57 
Densities of Defined Liquid Mixtures at 

Their Bubble Points 2.0... eee eeceeeeeeeeeee 6-61 
Liquid Densities of Compressed 

Hydrocarbon Mixtures of Defined 

COMPOSItION oo... eeeccesesenececeecetstesesnsseessasers 6-65 
Computer Method for the Liquid 

Densities of Compressed Hydrocarbon 

Mixtures of Defined Composition ............... 6-69 
Densities of Liquid Petroleum Fractions 

at Low Pressures .......ccccsesccssceeseesctesseeeeereses 6-73 
Analytical Method for the Densities of 

Liquid Petroleum Fractions at Low 


PYeSSUTES) wiveceedisoses ib eesc ag desbes pees taaadcataabens 6-75 
Densities of Liquid Petroleum Fractions 

at High Pressures .............:ccccssccccssseesseeceseeee 6-77 
Isothermal Secant Bulk Modulus at 

20,000 psig for Petroleum Fractions ........... 6-79 


Pressure Correction for Isothermal 
Secant Bulk Modulus for Petroleum 
PYACtIONS® siiais dlesedeastaceacalateacssesasdisdeavsacecse chest 6-80 


Information Handling Services, 


2000 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API TDB CHAPTER*L ** HM 0732290 OS365?2 40e 


Procedure 6A3.10 


Figure 6A3.11 


6B Density of Gas Systems 


6B1 


6B2 


Bibliography 


143322333 


Density of Pure Hydrocarbon and Nonpolar Gases 


Procedure 6B1.1 
Table 6B1.2 
Table 6B1.3 
Figure 6B1.4 
Figure 6B1.5 
Figure 6B1.6 
Figure 6B1.7 


Procedure 6B1.8 


PAGE 
Analytical Method for the Densities of 
Liquid Petroleum Fractions at High 
PreSSUTéS iia ccaiiivecseuss veeceed, cpt he sees eee 6-81 
Volumetric Shrinkage Resulting from 
Blending Low Molecular Weight 
Hydrocarbons with Crude Oils... 6-83 
Density of Pure Hydrocarbon and 
Nonpolar Gases o.......:ccceccssceseeeesesceeeeeneeeee 6-85 
Compressibility Factors, Simple Fluid 
Tenn 2. ens cieaanidees eek eeeen naan 6-89 
Compressibility Factors, Correction 
Perrin, 20) nes cn uretese caste seats etedenes eee sseeeis 6-91 
Generalized Compressibility Factors, 
Simple Fluid Term ...........:cccsessseecesseeeneeees 6-93 
Generalized Compressibility Factors, 
Simple Fluid Term, Expanded Region ........ 6-94 
Generalized Compressibility Factors, 
Correction Term 0.0... ceeecccesssseteseeessaseneees 6-95 


Generalized Compressibility Factors, 

Correction Term, Extended Region ............ 6-96 
Alternate (Computer) Method for the 

Density of Pure Hydrocarbon and 

Nonpolar Gases .........ccceecscecseseenteteresneseees 6-97 


Density of Gaseous Hydrocarbon and Nonpolar Mixtures 


Procedure 6B2.1 


Procedure 6B2.2 


Density of Hydrocarbon and Nonpolar 
Gas MIXtures .....ccec ce ceeseeeneeesereserernerseenees 6-99 


Alternate (Computer) Method for the 
Density of Hydrocarbon and 
Nonpolar Gas Mixtures ......ccccesccereeresereenees 6-103 


Information Handling Services, 


vii 


2000 


API TDB CHAPTER*6 ** HM 0732290 0536573 345 


CHAPTER 6 
DENSITY 


6-0 INTRODUCTION 


Liquid Systems 


Density is defined as the mass of a substance contained in 
a unit volume and is frequently expressed in grams per 
milliliter or in pounds (weighed in vacuum) per cubic foot. 
Density is often indicated in terms of API gravity; specific 
gravity; and pounds (weighed in air) per gallon, per cubic 
foot, or per barrel. Specific gravity is the density of a liquid 
relative to that of water at stipulated conditions of tempera- 
ture and pressure: 


Specific gravity, t F/60 F 


_ density of substance at ¢ F 
~~ density of water at 60 F 


(6-0.1) 


The conversion tables in this chapter, as well as the conver- 
sion factors in Chapter 1, are useful in interchanging the 
various density units. 


The saturated liquid is understood to be a liquid in equi- 
librium with its own vapor. 


Conversion Tables: Conversions between the more 
common engineering units for liquid densities are given in 
Table 6Al1.1. The table covers the range of API gravity from 
0 to 120. All weights given are weights in air, that is, those 
that would be recorded on conventional scales or balances. 
The table is to be used for engineering calculations only and 
is not meant for material transfer volume computation. 


The conversion table is based on constants similar to the 
latest values of the National Bureau of Standards (1985). 


Weight of water in air of 50 
percent humidity at 60 F and 


1 atmosphere: 8.32817 |b per gal 
Density of standard air at 
60 F and 1 atmosphere: 0.001219 g per ml 


Density of brass at 60 F: 8.392950 g per ml 


These values are very close to those used in calculating the 
ASTM-IP Petroleum Measurement Tables (reference 6a) 
which serve as a standard for the petroleum industry. 


For conversions that are out of the range of these tables, 
the following equations may be used. 
Specific gravity, 60 F/60 F 

= 141.5 
~ API gravity + 131.5 


(6-0.2) 
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Weight in air, in pounds per U.S. gallon at 60 F 


1179.8874 


= API gravity + 131.5 —0.0101578 — (6-0.3) 


Weight in air, in pounds per cubic foot at 60 F 


= 7.481 (weight in air, in pounds per U.S. 
gallon at 60 F) (6-0.4) 


Weight in air, in pounds per barrel at 60 F 


= 42 (weight in air, in pounds per U.S. 
gallon at 60 F) (6-0.5) 


Pure Liquids: Specific gravities of selected saturated 
hydrocarbon liquids are given in Figures 6A2.1 through 
6A2.12. Values for these same hydrocarbons and many other 
common pure compounds can be obtained analytically from 
Procedure 6A2.13 (the Rackett equation) or Procedure 
6A2.15 (the COSTALD method). These two methods have 
been found to be equivalent in accuracy. The input parame- 
ters for these methods are given in Table 6A2.14. 


Specific gravity data for many more hydrocarbons at 
1 atmosphere pressure are presented in three nomographs. 
Low temperature data, —300 F to 100 F, are obtained from 
Figure 6A2.16. The valid temperature ranges for the 
compounds in this figure are presented in Table 6A2.17. The 
bulk of the data, however, are in the temperature range of 0 
F to 400 F (the high temperature range) and are given in 
Figure 6A2.18 (paraffins and olefins) and Figure 6A2.20 
(naphthenes and aromatics). The grid coordinates and the 
temperature ranges for these hydrocarbon nomographs are 
given in Tables 6A2.19 and 6A2.21. Extrapolations beyond 
these temperature ranges should not be made. 


The liquid densities of compressed pure hydrocarbons 
may be estimated from the Lu chart, Figure 6A2.22, if one 
density value and the critical temperature and pressure are 
known. Procedure 6A2.23 provides an analytical method of 
estimating the density of compressed pure liquids. This 
method can also be used for nonhydrocarbons. 


Mixtures: The densities of defined liquid mixtures at 
their bubble point can be predicted by either Procedure 
6A3.1 (the Rackett equation) or Procedure 6A3.2 (the 
COSTALD method). These two methods have been 
found to be equivalent in accuracy. Procedure 6A3.1 
requires the critical temperatures, the critical pressures, 
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and Zpa values for all components. Procedure 6A3.2 
requires the critical temperatures and two characteriza- 
tion parameters, V* and wsrx, for all components. For 
many compounds these input parameters can be ob- 
tained from Chapter 1 and Table 6A2.14. Alternate 
means of estimating the parameters are suggested in the 
procedures. Both methods can be used for systems con- 
taining hydrocarbons and nonhydrocarbons. 

For compressed liquid hydrocarbon mixtures, den- 
sities can be calculated using the Lu chart given in Pro- 
cedure 6A3.3 or the alternate computer method (Tait- 
COSTALD) given in Procedure 6A3.4. The Lu chart 
method requires the critical temperatures and critical 
pressures of the components and a known density of the 
mixture. A reasonable estimate of this last value can be 
obtained by dividing the average molecular weight by 
the corresponding average molar volume of the mix- 
ture; this assumes the mixture to be an ideal solution, 
which is essentially true for members of a homologous 
series. It is also a reasonable approximation for mix- 


Yes 


Atmospheric 
pressure? 


Yes No 


Pure 
component? 


Yes 


No 


Defined 
mixture? 


No 


Saturated 
liquid? 


Saturated 


tures of hydrocarbons of different types, provided no 
component is close to its critical point. The computer 
procedure requires the critical temperatures and 
COSTALD parameters for the components. It is 
recommended for mixtures that do not contain polar 
components. 

The densities of liquid petroleum fractions at their 
saturation pressures or at pressure not far above ambi- 
ent can be found from the nomograph in Figure 6A3.5 
if two of three characterizing parameters (Watson K, 
mean average boiling point, and API gravity at 60 F) 
are known. Alternatively, the analytical method given 
in Procedure 6A3.6 may be used. To obtain the density 
of liquid petroleum fractions at high pressures, either 
Procedure 6A3.7, which incorporates Figures 6A3.8 
and 6A3.9, or Procedure 6A3.10, which is an analytical 
method, is recommended. 

For both pure liquids and mixtures, Figure 6-0.1 
should be helpful in selecting the proper procedure for 
any particular case. 


Density at 1 Atmosphere 
Figure 6A2.16 or 


Figure 6A2.18 or 
Figure 6A2.20 


Saturated Density 
Figures 6A2.1~6A2.12 or 
Procedure 6A2.13 or 
Procedure 6A2.15 


Yes 


Compressed Density 
Figure 6A2.22 or 

No Figure 6A2.23 

Yes Bubble Point Density 


Procedure 6A3.1 or 
Procedure 6A2.2 


liquid? 
Compressed Density 
Procedure 6A3.3 or 
No Procedure 6A3.4 
Yi Petroleum Fractions 
eS at Low Pressures 
Figure 6A3.5 or 
Low Procedure 6A3.6 
pressure? 
Petroleum Fractions 
No at High Pressures 


Procedure 6A3.7 or 
Procedure 6A3.10 


Figure 6-0.1—Liquid Density Calculation Procedures 
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Excess Volume of Mixing: Some of the procedures 
presented in this chapter, and in other chapters, assume 
that if a number of components are mixed, the resultant 
density of the mixture is a simple volumetric average of 
the components. In the ideal case this is correct, and for 
components of quite similar molecular weights and 
structures, this average is acceptable. As the molecular 
weights of the components become increasingly differ- 
ent, however, the volume of the resultant mixture varies 
somewhat from the volumetric average. This can be 
represented by the concept of excess molar volume, 
which is stated as follows: 


(6-0.6) 


Where: 
V==excess molar volume, cubic feet per pound- 
mole. 
Vin = actual molar volume of the mixture at given T 
and p, cubic feet per pound-mole. 
x; = mole fraction of component i. 
V, = molar volume of component i at given T and p, 
cubic feet per pound-mole. 
n = number of components. 


This excess volume may be negative or positive de- 
pending on the components and the temperature and 
pressure. Apparently no simple relation exists between 
volume changes and chemical or physical properties. 
When aromatic hydrocarbons are mixed with non- 
aromatics or with petroleum fractions, expansion is 
commonly observed; but in some instances, contraction 
takes place. The expansion is greater when naphthenic 
hydrocarbons are mixed with aromatics than when aro- 
matics are mixed with paraffins. In petroleum fractions 
and paraffin-paraffin systems, a contraction is generally 
observed, which is greatest for mixtures of components 
differing widely in molecular weight. 

Excess volume usually increases with increasing tem- 
perature and decreases with increasing pressure. The 
maximum value of excess volume at any given tem- 
perature does not occur at 50 mole percent concen- 
tration, but is shifted toward the component of lowest 
molecular weight. 

Numerous articles have appeared in the literature 
concerning excess volume. At this time, however, none 
of the theory involving excess volume is sufficiently ad- 
vanced for inclusion in this chapter. The major prob- 
lems appear to be that: (1) many of the correlations 
cannot predict both expansion and contraction; (2) very 
few consider the effect of pressure; (3) the correlation 
usually has been developed for one particular type of 
mixture only: paraffin-paraffin, paraffin-aromatic, and 
the like; and (4) some correlations that may be accept- 


1984 


able contain parameters that are very difficult to esti- 
mate. Nevertheless, as an aid to the user in estimating 
excess volume, Table 6-0.2 and Figure 6A3.11 have 
been included. 


Gas Systems 


Gas densities are conveniently correlated using the 
following modification of the perfect gas law: 


ae eee : 
p=> (6-0.7) 


Where: 

p = density, in pound-moles per cubic foot. 

V = gas volume, in cubic feet per pound-mole. 

p =pressure, in pounds per square inch absolute. 

z =compressibility factor. 

R = gas constant = 10.731 (cubic feet)(pounds per 
square inch absolute) per (pound-mole)(degree 
Rankine). 

T = temperature, in degrees Rankine. 


The compressibility factor, z, varies with tem- 
perature, pressure, and the nature of the substance. It 
is usually correlated within the framework of the simple 
or extended theorem of corresponding states. In the 
extended form, this theorem requires that any two sub- 
stances having an identical value of a third parameter 
and in identical conditions of reduced temperature and 
pressure will have the same compressibility factor. 
Therefore, the compressibility factor behavior of all 
gases that conform to the extended theorem can be 
generalized as a function of the third parameter and 
reduced temperature and pressure. 

Pure Gases: Procedure 6B1.1 is presented for esti- 
mating the compressibility factors of pure hydro- 
carbons, and it may also be used for other nonpolar 
gases. The procedure is based on the three-parameter 
corresponding states correlation of Lee and Kesler (4b), 
with the acentric factor, w, as the third parameter. The 
Lee-Kesler correlation is a refined version of the Pitzer 
corresponding states method (7b), and has been used in 
Chapter 7 for a number of thermal properties. All these 
methods are internally consistent. 

The compressibility factor tables for Procedure 6B1.1 
are given as Tables 6B1.2 and 6B1.3. These tables have 
been generated from the analytical equations of Lee 
and Kesler. Double interpolations in reduced tem- 
perature and pressure are required for their use. Some- 
what less reliable but more rapid predictions can be 
made from the plotted forms of the tables, Figures 
6B1.4 through 6B1.7. 

The alternate computer method, given as Procedure 
6B1.8, uses the Lee-Kesler analytical equations di- 
rectly. Since the desk method is based on tables gener- 
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TABLE 6-0.2 
EXCESS VOLUMES FOR HYDROCARBON SYSTEMS 


Temperature Description 
System (F) of Mixing Reference 
Paraffin-Paraffin 
Ethane-propane 80 Shrinkage 142a 
n-Pentane—n -decane 68 Shrinkage 8la 
n-Pentane—n -hexadecane 68 Shrinkage 31a,8la 
n-Hexane—n-decane 68 Shrinkage 8la 
n-Hexane-n-dodecane 59 to 95 Shrinkage 31a,46a 
n-Hexane-n -tetradecane 77 Shrinkage 57a 
n-Hexane—n -hexadecane 59 to 124 Shrinkage 31a,46a,57a,58a,81la 
n-Hexane-n -tetracosane 124 Shrinkage 58a 
n-Heptane-n -dodecane 59 to 95 Shrinkage 46a 
n-Heptane— -hexadecane 68 to 104 Shrinkage 31a,81la 
n-Heptane— -tetracosane 169 Shrinkage 58a 
n-Heptane—n -hexatricontane 169 Shrinkage 58a 
n-Octane—n -hexadecane 68 to 223 Shrinkage 31a,58a,81a 
n-Octane-—n -dotricontane 205 to 223 Shrinkage 38a 
n-Octane-n -hexatricontane 205 to 223 Shrinkage 58a 
n-Nonane-n -dexadecane 259 Shrinkage 58a 
n-Nonane-7-tetracosane 124 to 259 Shrinkage 58a 
n-Nonane-n -dotricontane 205 Shrinkage 58a 
n-Nonane-n-hexatricontane 205 to 259 Shrinkage 58a 
n-Nonane-n -dohexacontane 259 Shrinkage 58a 
n-Decane-n -dodecane 77 to 95 Shrinkage 54a 
n-Decane-n -tetradecane 77 to 113 Shrinkage 34a 
n-Decane-n -hexadecane 68 to 113 Shrinkage 31a,54a,81la 
n-Dodecane—n-tetradecane 77 to 95 Shrinkage 54a 
n-Dodecane-n -hexadecane 77 to 113 Shrinkage 54a 
n-Tetradecane—n -hexadecane 77 Ideal 57a 
Naphthene-Naphthene 
Cyclohexane-dicyclohexyl 68 to 104 Shrinkage 82a 
Cyclohexane-dicyclohexylmethane 68 to 104 Shrinkage 82a 
Cyclohexane—1 ,2-dicyclohexylethane 68 to 104 Shrinkage 82a 
Cyclohexane—1 ,3-dicyclohexylpropane 68 to 104 Shrinkage 82a 
Cyclohexane-t-butylcyclohexane 68 to 104 Shrinkage 82a 
Aromatic-Aromatic 
Benzene-—o-xylene 77 to 86 Expansion 110a,129a 
Benzene-m -xylene 77 to 86 Expansion 110a,129a 
Benzene-p -xylene 77 Expansion 129a 
Benzene-ethylbenzene 68 Expansion 88a 
Benzene-naphthalene 175 Variable* 17a 
Benzene-biphenyl 158 Shrinkage 84a 
Benzene-diphenylmethane 77 to 104 Shrinkage 34a,104a 
Benzene-diphenylethane 140 Shrinkage 84a 
Benzene-diphenylacetylene 140 Shrinkage 84a 
Benzene-diphenyloctane 77 Ideal 84a 
Toluene-ethylbenzene 68 Ideal 88a 
Ethylbenzene-ethenylbenzene 68 Shrinkage 88a 
Ethylbenzene—o -xylene 68 Shrinkage 88a 
Ethylbenzene—p -xylene 68 Ideal 88a 
Ethylbenzene-n -propylbenzene 68 Shrinkage 88a 
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TABLE 6-0.2 (Continued) 


Temperature 
System (F) 
Aromatic-Aromatic 
Ethylbenzene-isopropylbenzene 68 
Ethylbenzene—1-methyl-4-isopropylbenzene 68 
Ethylbenzene-t-amylbenzene 68 
Ethylbenzene-1 ,2,3,4-tetrahydronaphthalene 68 
Paraffin-Naphthene 
n-Butane-cyclohexane 59 to 176 
n-Hexane-cyclohexane 77 
n-Heptane—cyclohexane 59 
2,4-Dimethylpentane—cyclohexane 82 
n-Octane-methylcyclohexane 77 
2,2,4-Trimethylpentane—cyclohexane 77 
n-Dodecane-bicyclohexyl 77 
n-Dodecane-n-hexylcyclohexane 77 
n-Dodecane-n -heptylcyclopentane 77 
Paraffin-Aromatic 
n-Butane—benzene 59 to 176 
n-Hexane-—benzene 77 to 104 
n-Heptane—benzene 39 
2,2,4-Trimethylpentane—benzene 68 to 167 
2,2,4-Trimethylpentane—toluene 82 
n-Dodecane—benzene 77 to 104 
n-Dodecane—n-hexylbenzene TI 
n-Dodecane-phenylcyclohexane 77 
n-Hexadecane—benzene 77 
Naphthene-Aromatic 
Cyclopentane-benzene 77 
Cyclopentane-toluene 77 
Cyclohexane-benzene 59 to 104 
Cyclohexane-toluene TT 
Cycloheptane-benzene 77 
Cycloheptane-toluene 77 
Cyclooctane-benzene 77 
Cyclooctane-toluene 77 
Petroleum Fractions 
Benzene-petroleum ether 68 
Benzene-vaseline oil 68 
Petroleum ether—kerosine 68 
Petroleum ether—vaseline oil 68 
Gasoline-kerosine 68 
Benzol-gasoline 77 
Light naphtha—heavy naphtha 77 


Description 
of Mixing 


Ideal 

Expansion 
Expansion 
Shrinkage 


Shrinkage 
Expansion 
Expansion 
Tdeal 

Expansion 


Variable” 
Shrinkage 
Shrinkage 
Ideal 


Shrinkage 
Expansion 
Expansion 
Expansion 
Expansion 


Expansion 
Expansion 
Ideal 

Expansion 


Expansion 
Expansion 
Expansion 
Expansion 


Expansion 
Expansion 
Expansion 
Expansion 


Expansion 
Expansion 
Shrinkage 
Shrinkage 


Shrinkage 
Expansion 
Shrinkage 


4Expansion at high benzene concentration and shrinkage at low benzene concentration. 
Pp 8 g 


> Expansion at low cyclohexane concentration and expansion at high cyclohexane concentration. 
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24a 
34a,57a,114a 
124a 

152a 

106a 


34a 
64a 
64a 
57a 


149a 
149a 


104a,114a,124a,149a 


149a 


149a 
149a 
149a 
149a 


60a 
60a 
60a 
60a 


60a 
26a 
137a 
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ated by the computer method, the accuracies of the two 
methods should be equivalent, except for small errors 
introduced by the linear interpolations. 

The recommended correlations have been found to 
be the best available methods for general application 
and internal consistency. However, equations may be 
found in the literature that give superior accuracy for 
specific compounds and/or regions. 

Gas Mixtures: For densities of gas mixtures, the 
same desk method and the same computer equations 
are recommended as for pure gases. However, with the 
possible exception of a small region in the immediate 
vicinity of the critical point, the true critical point 
should no longer be used to calculate the reduced tem- 
perature and pressure. As outlined in Procedure 6B2.1, 
the pseudocritical point is to be used to estimate the gas 
density of hydrocarbon mixtures. The pseudocritical 
pressure and temperature are defined as the molar aver- 
age of the critical properties of the pure components. 
Methods for estimating the pseudocritical tempera- 
tures and pressures for mixtures of defined and unde- 
fined composition and blends of the two are given in 
Chapter 4. 

Many equations of varying degrees of complexity 
have been proposed as substitutes for Kay’s molar aver- 
ages. Several of these result in improved accuracy, but 
the slight improvement does not justify the increased 
labor involved when calculating gas densities at the 
desk. Nevertheless, several alternates are noted in the 
Special Comments for Procedure 6B2.1. The point 
determined by these equations is not termed a pseudo- 
critical point, inasmuch as this book reserves that 
designation for the point defined by the simple molar 
averaging technique. Instead, the terms mixture corre- 
spondence temperature and mixture correspondence 
Pressure are used. 


6-6 


For computer calculations, the complexity of the 
equations for the mixture correspondence point is im- 
material. Therefore, as described in Procedure 6B2.2, 
the somewhat more complicated ‘‘mixing rules” of Lee 
and Kesler (4b) have been selected for computer calcu- 
lations of the mixture correspondence points. The accu- 
racy thus obtained is generally superior to that using 
Kay’s pseudocritical point. 

For both the primary desk method (Procedure 6B2.1) 
and the alternate computer method (Procedure 6B2.2), 
an approach is outlined for estimating the gas density of 
mixtures of undefined composition. These approaches 
are simple extensions of those for defined mixtures, but 
no data are available to test their accuracy. 

Data are not available to determine the reliability of 
the pseudocritical or mixture correspondence ap- 
proaches for mixtures exhibiting unusual (non-Type-I) 
critical loci, but the accuracy of both computer and desk 
methods is probably worse than quoted. Fortunately, 
most systems of interest are Type I, but unusual be- 
havior can occur even for hydrocarbon systems. The 
various critical loci are described in the Introduction to 
Chapter 4. 

The pseudocritical temperature is lower than the true 
critical temperature in many common systems; thus, 
both liquid and vapor phases can exist at pseudo- 
reduced temperatures greater than unity. Under all 
conditions, but particularly in this region, it is necessary 
to know the existing phase conditions. If doubt exists, 
obtain the vapor-liquid equilibrium conditions for the 
operating temperature and pressure from Chapter 8 to 
determine whether the desired mixture is in the vapor, 
liquid, or vapor-liquid equilibrium state. In the last 
case, the two phases must be treated separately, and the 
phase compositions and amounts must first be calcu- 
lated from Chapter 8. 
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6A1.1 
TABLE 6A1.1 
DENSITY CONVERSION 

API SPECIFIC WEIGHT IN ATR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LSB/GAL L8/CU FT LB/BBL 
AT 60F 60F/60F AT 60F AT 60F AT 6OF AT 60F 60F/60F AT 60F AT 60F AT 6OF 
0.0 1.0760 8.962 67.05 376.4 520 1.0366 8.634 64.59 362.6 
0.1 1.0752 8.955 6T.00 376.1 Sel 1.0359 8.627 64.54 362.3 
0.2 1.0744 8.949 66.95 375.8 502 1.0351 8.621 64.49 362.1 
0.3 1.0736 82942 66.89 37526 5.3 1.0344 8.615 64.45 361.8 
064 1.0728 8.935 66.84 375.3 5.4 1.0336 8.608 64.40 361.6 
0.5 1.0720 8.928 66.79 375.0 5-5 1.0328 8.602 64.35 361.3 
0.6 1.0712 8.922 66.74 374.7 546 1.0321 8.596 64.31 361.0 
0.7 1.0703 8.915 66.69 37444 5.7 1.0313 8.590 64226 360.8 
0.38 1.0695 8.908 66.5% 374.1 5.8 1.0306 8.583 64221 360.5 
069 1.0687 8.901 66.59 37329 5.9 1.0298 8.577 64.17 360.2 
1.90 1.0679 8.895 66.54 373.6 6.0 1.0291 8.571 64.12 360.0 
Lol 1.0671 8.888 66.49 373.3 6.1 1.0283 8.565 64.07 359.7 
1.2 1.0663 8.881 66.44 373.0 6.2 1.0276 8.558 64.03 359-25 
1.3 1.0655 8.874 66.39 372.7 6.3 1.0269 8.552 63-98 359.2 
1.4 1.0647 8.568 66.34 37204 6.4 1.0261 8.546 63.93 358.9 
1.5 1.9639 8-R61L 66.29 372.2 6-5 1.0254 8.540 63.89 358.7 
1.6 1.0631 8.854 66.24 371.9 6.6 1.0246 8.533 63.84 358.4 
1.7 1.0623 8.848 66.19 371.6 6.7 1.0239 8.527 63.79 358.1 
1.8 1.0615 8.841 66.14 371.3 6.8 1.0231 8.521 63.75 357.9 
1.9 1.0607 8.835 66,09 371.1 6.9 1.0224 8.515 63.70 357.6 
2.0 1.0599 8.828 66.04 370.8 7.0 1.0217 8.509 63.65 357.4 
2el 1.0591 8.821 65.99 370.5 Tel 1.0209 8.503 63.61 35761 
2.2 1.0583 8.815 65.94 37022 To2 1.0202 8.497 63.56 356.9 
2.3 1.0575 8.808 65.89 369.9 7.3 1.0195 8.490 63252 356.6 
204 1.9568 8.801 65.84 369.47 T.4 1.0187 8.484 63.47 356.3 
2.5 1.0560 8.795 65.80 369.4 7.5 1.0180 8.478 63443 35661 
2.6 1.0552 8.788 65.75 369.1 7.6 1.0173 8.472 63.38 355.8 
207 140544 8.782 65.79 368.8 ToT 1.0165 8.466 63.33 355.6 
2.8 1.0536 8.775 65.65 368.6 7.8 1.0158 8.460 63429 35503 
229 1.9528 8.769 65.60 368.3 Te9 1.0151 82454 63224 355.1 
3-0 1.0520 8.762 65.55 368.0 8.0 1.0143 8.448 63.20 354.8 
361 1.0513 8.756 65.50 367.7 8.1 1.0136 8.442 63.15 354.6 
3.2 1.0505 8.749 65.45 367.5 8.2 1.0129 8.436 63.11 354.3 
3-3 1.0497 8.743 65.40 367.2 8.3 1.0122 8.430 63.06 354.0 
3.4 1.0489 8.736 65.36 366.9 8.4 1.0114 B.424 63.02 353.8 
3-5 1.9481 8.730 65.31 366-6 8.5 1.0107 8-418 62.97 353.5 
3.6 1.0474 8.723 65.26 366.4 8.6 1.0100 8.412 62.93 353.3 
3.7 1.9466 8.717 65.21 366-1 8.7 1.0093 8-406 62.88 353.0 
3.8 1.0458 8.710 65.16 365.8 8.8 1.0086 8.400 62.84 352.8 
369 1.0451 8.1704 65.11 365.6 8.9 1.0078 8.394 62.79 352.5 
4.0 1.9443 8.697 65.07 365.3 9.0 1.0071 8.388 62.75 352.23 
4el 1.0435 8.691 65.02 365.0 9.1 1.0064 6.332 62.70 352.0 
4.2 1.0427 8.685 64.97T 364.8 9.2 1.0057 8.376 62.66 351-8 
4.3 1.0420 8.678 64.92 364.5 9.3 1.0050 8.370 62.61 351.5 
4.4 1.0412 8.672 64.87 3642 9e% 1.0043 8.364 62.57 351.3 
4.5 1.0404 8.665 64.83 364-0 9.5 1.0035 8.358 62.52 351.0 
4.6 1.0397 8.659 64.78 363.7 9.6 1.0028 8.352 62.48 350.8 
4.7 1.0389 8.653 64.73 363.4 9.7 1.0021 8.346 62 044 350.5 
4.8 1.0382 8.646 64.68 363-1 9.8 1.0014 8.340 62 239 350.3 
4.9 1.037% 8.640 64.64 362.9 9.9 1.0007 8.334 62.35 350.0 


NOTE -— GAL = Us. Se. GALLONs BBL = 42 Us Se GALLONS. 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 60F/60F AT 60F AT 60F AT 60F AT 60F 6OF/60F AT 60F AT 60F AT 60F 

10.0 1.9000 8.328 62.30 34928 15.0 0.9659 8.044 60.17 337.8 
10.1 0.9993 8.322 62.26 349.5 15.1 0.9652 8.038 60.13 337.6 
10.2 0.9986 8.316 62.22 349.3 15.2 0.9646 8.033 60.09 33724 
10.3 0.9979 8.311 62.17 349.0 15.3 0.9639 8.027 60.05 337.1 
10.4 009972 8.305 62.13 348.8 15.4 0.9632 8.022 60.01 336.9 
10.5 0.9965 8.299 62.08 348.6 15.5 0.9626 8.016 59.97 336.7 
10.6 0.9958 8.293 62.04 348.3 15.6 0.9619 8.011 59.93 336.5 
10.7 0.9951 8.287 62.00 348.1 15.7 0.9613 8.005 59.89 336.2 
10.8 0.9944 8.281 61.95 34768 15.8 0.9606 8.000 59.85 336.0 
19.9 0.9937 8.276 61.91 347.26 15.9 0.9600 76994 59.81 335.8 
11.0 0.9930 8.270 61.87 347.3 16.0 0.9593 7.989 59.77 335.5 
11.1 0.9923 8.264 61.82 347.1 16.1 0.9587 72984 59.73 335.3 
11.2 0.9916 8.258 61.78 346.8 16.2 0.9580 72978 59.69 335.1 
11.3 0.9909 8.252 61.74 346.6 16.3 0.9574 72973 59.64% 334.9 
11.4 02.9902 8.247 61.69 346.4% 16.4 0.9567 7.967 59.60 334.6 
11.5 C.9395 8.241 61.65 346.61 16.5 0.9561 1.962 59.56 334.4 
11.6 0.9888 8.235 61.61 345.9 16.6 0.9554 72957 59.52 334.2 
11.7 0.9881 8.229 61.56 345.6 16.7 0.9548 72951 59.48 334.0 
11.8 0.9874 8.223 61.52 34544 16.8 0.9541 72946 59.44 333.7 
11.9 0.9868 8.218 61.48 345.1 16.9 0.9535 7.941 59.40 333.5 
12.0 0.9861 8.212 61.43 344.9 17.0 0.9529 72935 59.36 333.3 
12.1 0.9854 8.206 61.39 344.7 17.1 0.9522 72930 59.32 333.1 
12.2 0.9847 8.201 61.35 344.4 17.2 0.9516 T2924 59.28 332.8 
12.3 0.9940 8.195 61.31 344.2 17.3 0.9509 7.919 59.24 332.6 
12.4 0.9833 8.189 61.26 343.9 17.4 0.9503 7.914 59.20 33224 
12.5 0.9826 8.183 61.22 343.7 17.5 0.9497 T2908 59.16 332.2 
12.6 0.9820 8.178 61.18 343.5 17.6 0.9490 T2903 59.12 331.9 
12.7 0.9813 8.172 61.14 343.2 17.7 0.9484 7.898 59.08 331.7 
12.8 0.9806 8.166 61.09 343.0 17.8 0.9478 7-893 59.04 331.5 
12.9 0.9799 8.161 61.05 342.8 17.9 0.9471 7.887 59.01 331.3 
13.0 0.9792 8.155 61.01 342.5 18.0 0.9465 7-882 58.97 331.0 

13.1 0.9786 8.149 60.97 342.3 18.1 0.9459 7.877 58.93 330.8 

13.2 0.9779 8.144 60.92 342.0 18.2 0.9452 7.871 58.89 330.6 

13.3 0.9772 8.138 60.88 341.8 18.3 0.9446 1.866 58.85 330.4 

13.4 0.9765 8.133 60.84 341.6 18.4 0.9440 7.861 58.81 330.2 

13.5 0.9759 8.127 60.80 341.3 18.5 0.29433 1.856 58.77 329.9 

13.6 0.9752 8.121 60.76 341.1 18.6 0.9427 7.850 58.73 329.7 

13.7 0.9745 8.116 40.71 340.9 18.7 0.9421 7.845 58.69 329.5 

13.8 0.9738 8.110 60.67 340.6 18.8 0.9415 72940 58.65 32963 

13.9 0.9732 8.105 60.63 340-4 18.9 0.9408 7.835 58.61 329.1 

14.0 0.9725 8.999 60.59 340.2 19.0 0.9402 7.830 58.57 328.8 

14.1 0.9718 8.093 60.55 339.9 19.1 0.9396 1.2824 58.53 328.6 

14.2 0.9712 8.088 60.51 339.7 19.2 0.29390 7.819 58.50 328.4 

14.3 0.9705 8.082 60.46 339.5 19.3 0.9383 7-814 58.46 328.2 

14.4 0.9698 8.077 60.42 339.2 19.4 0.9377 7-809 58.42 328.0 

14.5 0.9692 8.071 60.38 339.0 19.5 0.9371 7.804% 58.38 327.8 

14.6 0.9685 8.066 60.34 338.8 19.6 0.9365 7.798 58.34 327.5 

14.7 0.9679 8.0460 60.30 338.5 19.7 0.9358 7.793 58.30 327.3 

14.8 0.9672 8.055 60.26 338.3 19.8 0.9352 7.788 58.26 327.1 

14.9 0.9665 8.049 60222 338.1 19.9 0.9346 7.783 58.22 326.9 


NOTE -- GAL = U. S. GALLON, BBL = 42 U. Se GALLONS. 


6-8 1984 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 1:4:3°3'235.3'3 


API TDB CHAPTER*L ** HB O732290 053655] 415 
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6A1.1 


WEIGHT IN AIR 
GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 


AT 60F 


WEIGHT IN AIR 


GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F AT 60F AT 60F 


SRS SRS SSS SR SS SS SS SSS SSH SS SSS SS TSS SSS SSS ST SS SSS SSS SSS SS SS SS SSS Ss Ss se ss sss Se essere 


API SPECIFIC 

GRAVITY 

AT 60F 60F/60F AT 60F 
20.0 0.9340 7.778 
20-1 0.9334 7.773 
20.2 0.9328 7.758 
20.3 0.9321 7.762 
20.4 0.9315 7.757 
20.5 0.9309 7.752 
20.6 0.9303 7.747 
20.7 0.9297 7.742 
20.8 0.9291 7.737 
20.9 0.9285 7.732 
21.0 0.9279 7.727 
21.1 0.9273 7.722 
21.2 0.9267 T.717 
21.3 0.9260 7.712 
21-4 0.9254 7.707 
21.5 0.9248 7.701 
21.6 0.9242 7.636 
21.7 0.9236 7.691 
21.8 0.9230 7.686 
21.9 0.9224 7.681 
22.0 0.9218 7.676 
22.1 0.9212 7.671 
22.2 0.9206 7.666 
22.3 0.9200 7.661 
2224 0.9194 7.656 
22.5 6.9188 7.651 
22.6 0.9182 7.646 
22.7 0.9176 7.641 
22.8 0.9179 7.636 
22.9 0.9165 7.632 
23.0 0.9159 7.627 
23.1 0.9153 7.622 
23.2 0.9147 7.617 
23.3 0.9141 7.612 
23.4 0.9135 7.607 
23.5 0.9129 7.692 
23.6 0.9123 7.597 
23.7 O.91L7 7.592 
23.8 O.91LL 7.587 
23.9 0.9106 7.582 
24.0 0.9100 7.577 
24.1 0.9094 7.573 
24.2 0.9088 7.558 
24.3 0.9082 7.563 
24.4 0.9076 7.558 
24.5 0.9071 7.553 
24.6 0.9065 7.548 
24.7 0.9059 7.543 
24.8 0.9053 7.539 
24.9 0.9047 1.534 

NOTE ~- GAL = U. S. 
1984 
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API SPECIFIC 
AT 60F 60F/60F 
25.0 0.9042 
25.1 0.9036 
2522 0.9030 
25.3 0.9024 
2564 0.9018 
25.5 0.9013 
25.26 0.9007 
25.7 0.9001 
25.8 0.8996 
25.9 0.8990 
26.0 0.8984 
26.1 0.8978 
26.2 0.8973 
26.3 0.8967 
26.4 0.8961 
26.5 0+8956 
26-6 0.8950 
26.7 0.8944 
26.8 0.8939 
26-9 0.8933 
27.0 0.8927 
27.1 0.8922 
27.2 0.8916 
27.3 0.8911 
274% 0.8905 
27.5 0.8899 
2726 0.8894 
27.7 0.8888 
27.8 0.8883 
27.9 0.8877 
28.0 0.8871 
28.1 0.8866 
28.2 0.8860 
28.3 0.8855 
28.4 0.8849 
28.5 0.8844 
28.6 0.8838 
28.7 0.8833 
28.8 0.8827 
28.9 0.8822 
29.0 0.8816 
29.1 0.9811 
29.2 0.8805 
29.3 0.8800 
29.4 0.8794 
29.5 0.8789 
29.6 0.8783 
29-7 0.8778 
29.8 0.8772 
2929 0.8767 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F G6OF/S50F AT 60F AT 69F AT 60F AT 60F 60F/60F AT 60F AT 60F AT 60F 

30.0 0.8762 T0295 54.58 306.4 35.0 0.8498 7-076 52.94 29722 
30.1 0.8756 Te? 54.54 306.2 35.1 0.8493 72072 52.91 297-0 
30.2 0.8751 T.>87 54.51 306.90 3562 0.8488 7.068 52.87 296.8 
30.3 0.3745 7.282 54.48 305.8 35.3 0.8483 7.063 52.84 296.7 
30.4 0.8749 T2778 54.44 305.7 35.4 0.8478 7.059 52.81 296.5 
30.5 0.8735 7.2773 54.41 305.5 35.5 0.8473 7.055 $2.78 296.3 
30.6 0.8729 7.2459 54.38 305.3 35.6 0.8468 7.051 52.75 296.1 
30.7 0.8724 Te? 54 54634 305.1 35.7 0.8463 T204T 52.72 296.0 
30.8 0.8718 72259 54.31 304.9 35.8 0.8458 T2042 52.68 295.8 
30.9 0.8713 T2755 54.78 304.7 35.9 0.8453 72038 52.65 29526 
31.0 0.8708 7.251 54424 304.5 36.0 0.8444 7.034 52462 29544 
31.1 0.8702 Te 246 54.21 304.3 36.1 0.8443 72030 52.59 29542 
31.2 0.8697 72242 54.18 304.2 36.2 0.8438 72025 52.56 295.21 
31.3 0.8692 7.237 54.14 304.0 36.3 0.8433 7.021 52.53 294-9 
31.4 0.8686 T2733 54.11 303.8 36.4 0.8428 7.017 §2.50 294.7 
31.5 0.8681 7.228 54.08 303.6 36.5 0.8423 7.013 52.46 294.5 
31.6 0.5676 Te 724 54.04 30344 36.6 0.8418 7.009 52.43 294.4 
31.7 0.8670 7.719 54eCl 303.2 3667 0.8413 7.005 52440 294-2 
31.8 0.8665 7.215 53.98 303.20 36.8 0.8408 7.000 52.37 294.0 
31.9 9.8560 7.711 53294 302.8 36.9 0.8403 6.996 52-34 293.8 
32.0 0.8654 7.206 53.91 302.7 37.0 0.8398 62992 52-31 293.7 
32.1 0.8649 7.202 53.88 302.5 37.1 0.8393 6.988 52-28 29345 
32.2 0.8644 To1L9T 53.84 302.3 37.2 0.8388 6.984 52.25 293.3 
32.3 0.8639 T2193 53.81 302.1 37.3 0.8383 6.980 52.22 293.1 
3224 0.8633 7.189 53.78 301.9 37.4 0.8378 6.976 52.18 293.0 
32.5 0.8628 7.184 53.75 301.7 37.5 0.8373 6.971 52615 292.8 
32.6 0.8623 72180 53.71 301.6 37.6 0.8368 6.967 §2.212 292.6 
32.7 0.8618 Tel ?5 53.68 301.4 37.7 0.8363 6.963 52.09 292.5 
32.8 0.8612 TUT 53.65 30L.-2 37.8 0.8358 6.959 52.206 292.3 
32.9 C. 8607 7.167 53.61 301.0 37.9 0.8353 6.955 52.03 292.1 
33.0 C.8602 T2162 53.58 300.8 38.0 0.8348 6.951 52.00 291.9 
3361 0.8597 7.158 $3.55 300.6 38.1 0.8343 6.947 51.97 291.8 
33.2 0.8591 T2154 53.52 300.5 38.2 0.8338 6.943 51.94 291.26 
33.3 0.8586 716149 53448 300.3 38.3 0.8333 6.938 31.91 291.4 
33.4 0.8581 7.145 53.45 300.1 38.4 0.8328 60934 51.88 29122 
33.5 0.8576 ToL4i 53442 299.9 38.5 0.8324 62930 51.85 291.1 
33.6 0.8571 7.136 53.39 299.7 38.6 0.8319 62926 51.82 290.9 
33.7 0.8565 7.132 53.35 299.5 38.7 0.8314 6-922 51.78 290.7 
33.8 0.8560 7.128 53.32 299.4 38.8 0.8309 6.918 51.75 290.6 
33.9 0.8555 T2123 53.29 299.2 38.9 0.8304 6.914 51.72 290.4 
34.0 0.8550 72119 53.26 299.0 39.0 0.8299 6.910 51.69 290.2 
34.1 0.8545 Te115 53.23 298.8 39.1 0.8294 62906 51.66 290.0 
3462 0.8540 Te1190 53.19 298.6 39.2 028289 6.902 51.63 289.9 
34.3 0.8534 7.156 53.16 298.5 39.3 0.8285 6.898 51.60 289.7 
34.44 0.8529 7.192 53.13 298.3 39.4 0.8280 6.894 51.57 289.5 
34.5 0.8524 7.998 53.10 298.1 39.5 0.8275 6.890 51.54 289.4 
34.6 0.8519 72.993 53.07 297.9 39.6 0.8270 6.886 51.51 289.2 
34.7 0.8514 72989 53.03 297.7 39.7 0.8265 6-882 51.48 289.0 
34.8 0.8509 ToO8S 53.00 297.6 39.8 0.8260 6.878 51.45 288.9 
34.9 0.8504 7.180 52.97 29764 39.9 028256 6.874 51.42 288.7 
NOTE -~ GAL = Us. S. GALLON, BBL = 42 Us Ss GALLONS. 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 60F/60F AT 60F AT 60F AT SOF AT 60F GOF/60F AT 60F AT GOF AT SOF 

40.0 0.8251 6.870 51.39 288.5 45.0 0.8017 6.675 49.93 280.3 
49.1 0.8246 6.865 51.36 288.4 45.1 0.8012 6.671 49.91 280.2 
40.2 0.8241 62862 §1.33 288.2 45.2 0.8008 6.667 49.88 280.0 
40.3 0.8236 6.858 51.30 288.0 4543 0.8003 6.663 49.85 279-9 
406% 0.8232 6.854 51.27 287.9 45.4 0.7999 6.650 49.82 279.7 
40.5 0.8227 6.850 51.24 287.7 45.5 0.7994 6.656 49.79 279.5 
40.6 0.8222 6.845 51.21 287.5 45.6 0.7990 6.652 49.76 279.% 
49.7 0.8217 6.842 51.13 287.4 45.7 0.7985 6.648 49.74 27992 
40.8 0.8212 6.833 51.15 287.2 45.8 0.7981 6.645 49.71 279.1 
40.9 0.8298 6.834 51-12 287.0 4549 0.7976 6.641 49.68 278.9 
41.0 0.8203 6.839 51.09 286.9 46.0 0.7972 6.637 49.65 278.8 
41.1 0.8198 $2826 51.96 286.7 46.1 0.7967 6.633 49.62 278.6 
41.2 9.8193 6.722 51.03 286.5 46.2 0.7963 6.630 49.60 278.4 
41.3 0.8189 6.813 51.00 28624 46.3 0.7958 6.626 49.57 278.3 
41.4 0.8184 6.814 50.98 286.2 46.4% 0.7954 6.622 49.54 278.1 
41.5 0.8179 6.810 50.95 286.0 46.5 0.7949 6.618 49.51 278.0 
41.6 0.9174 6.806 60.92 285.9 46.6 0.7945 6.615 49.48 277.8 
41.7 0.8170 6.892 50.89 285.7 46.7 0.7941 6.6L1 49.46 277.7 
41.8 0.8165 6.798 50.86 285.5 46.8 0.7936 6.607 49 243 27T.5 
41.9 0.8160 6.794 50.83 28504 46.9 0.7932 6.604 49.40 277.3 
42.0 0.8156 6.790 50.80 285.2 47.0 0.7927 6.600 49.37 277.2 
42e1 0.8151 6.786 50.77 285.0 47.1 0.7923 6.596 49.35 277.0 
42.2 0.8146 6.782 50.74 284.9 47.2 0.7918 6.592 49.32 276.9 
42.3 0.8142 6.779 50.71 284.7 47.3 0.7914 6.589 49.29 276.7 
4244 0.8137 6.775 50.63 284.5 4744 0.7909 6.585 49.268 276.6 
42.5 0.8132 6.771 50.65 284.4 47.5 0.7905 6.581 49.24 276.4 
42.6 0.38128 6.767 50.62 284.2 47.6 0.7901 6.578 49.21 276.3 
42.7 0.8123 6.763 §0.59 284.0 47.7 0.7896 6.574 49.18 276.1 
42.8 0.8118 6.759 50.57 283.9 47.8 0.7892 6.570 49.15 276.0 
42.9 0.3114 6.755 59.54 283.7 47.9 0.7887 6.567 49.13 27548 
43.0 0.8109 6.751 50.51 283.6 48.0 0.7883 6.563 49.190 275.6 
43.1 0.8104 6.747 50.48 283.4 48.1 0.7879 6.559 49.07 275.5 
43.2 0.8100 6.744 50.45 283.2 48.2 0.7874 6.556 49.04 275.3 
43.3 0.8095 6.740 50.42 283el1 48.3 0.7870 6.552 49.02 27542 
43.4% 0.8090 6.736 50.39 282.9 48.4 0.7865 66548 48.99 275.0 
43.5 0.8086 6.732 50.36 282.7 48.5 0.786! 62545 48.96 27469 
43.6 0.5081 6.728 50.33 282.6 48.6 0.7857 6.541 48.93 274.7 
43.7 0.8076 6.724 50.39 282.4 48.7 0.7852 6.537 48.91 274.6 
43.8 0.8072 6.720 50.28 282.3 48.8 0.7848 6.534 48.88 274.4% 
43.9 0.8067 6.717 50.25 282.1 48.9 0.7844 6.530 48.85 274.3 
44.0 9.8063 66713 50.22 281.9 49.0 0.7839 60527 48.83 274.1 
44e1 0.8058 6.709 50.19 281.8 49.1 0.7835 6.523 48.80 274.0 
44.2 0.8954 6.705 50.16 281.6 49.2 0.7831 6.519 48.77 273.8 
44.3 0.8049 6.701 50.13 281.5 49.3 0.7826 6.516 48.74 273.7 
4424 0.8044 6.698 50.10 281.3 49.4 0.7822 6.512 48.72 273.5 
44.5 0.8940 62694 50.08 281.1 49.5 0.7818 6.509 48.69 273-4 
44.6 9.8035 6.690 50.95 281.0 49.6 0.7813 6.505 48.66 273.2 
44.7 0.8931 6.686 50.92 280.8 49.7 0.7809 6.501 48.64 273.21 
44.8 0.8026 6.682 49.99 280.7 49.8 0.7805 6.498 48.61 272.9 
44.9 0.8022 6.678 49.96 280.5 49.9 0.7800 66494 48.58 272.8 
NOTE -—- GAL = U. S. GALLON, BBL = 42 Us. Se GALLONS. 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY tB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 60F/60F AT 69F AT 60F AT S0F AT 6OF 60F/60F AT 6OF AT 60F AT 60F 

50.9 0.7796 6.491 48.56 272.6 55.0 0.7587 6.316 47.25 265.3 
59.1 0.7792 6.487 48.53 272.5 55.1 0.7583 6.313 47.223 265.1 
50.2 0.7788 6.433 48.50 27223 55.2 0.7579 6.309 47.20 265.0 
50.3 0.7783 64430 48.438 272.2 55.3 0.7575 6.306 47.18 264.9 
59.4 9.7779 6.476 43.45 272.0 5564 0.7571 6.303 47.15 264.7 
50.5 0.7775 6.473 48.42 271.9 55.5 0.7567 62299 47.13 264.6 
50.6 O.7779 6.469 43.40 271.7 55.6 0.7563 6.296 47.10 26404 
50.7 0.7765 6.456 48.37 271.6 55.7 0.7559 62293 47.08 264.3 
50.8 0.7762 6.4652 48.34 271.4 55.8 0.7555 6.289 47.05 264.2 
50.9 0.7758 6.458 48.32 271.3 55.9 0.7551 6.286 47.03 264.0 
51.0 0.7753 62455 43.29 271.1 56.20 0.7547 6.283 47.00 263.9 
51.1 0.7749 6.451 48.26 271.9 56601 0.7543 6.279 46.97 263.7 
51.2 0.7745 6.4438 48.224 270.8 56.2 0.7539 6.276 46.95 263.6 
Sla3 O. 7741 6.444 48.21 270.7 56.3 0.7535 6.272 46.92 26364 
51.4 0.7736 6.441 43.13 270.5 56.4 0.7531 6.269 46.90 263.3 
51.5 0.7732 6.437 48.14 270.4 56.5 0.7527 6.266 46.87 263.2 
51.6 0.7728 66434 48.13 270.2 56.6 0.7523 6.262 46.85 263.0 
51.7 0.7724 64430 48.19 270.1 56.7 0.7519 6.259 46.82 262.9 
51.8 0.7720 62427 43.08 269.9 56.8 0.7515 6.256 46.80 262.7 
51.9 0.7715 6.423 48.95 269.8 56.9 0.7511 6.252 46.78 262.6 
52.0 O.7711 62429 48.93 269.6 57.0 0.7507 6.249 46.75 262.5 
52el 0.7707 6.416 48.09 269.5 57.1 0.7503 6-246 46.73 262.3 
52.2 0.7703 6.413 47.9T 269.3 57.2 0.7499 6.243 46.70 262.2 
52.3 0.7699 6.409 47.95 269.2 57.3 0.7495 62239 46.68 262.0 
5224 0.7694 62496 47.92 269.0 57.4% 0.7491 6.236 46.65 261.9 
52.5 0.7690 6.402 47.90 268.9 57.5 0.7487 62233 46.63 261.8 
5?.6 0.7686 6.399 47.87 268.7 57.6 0.7483 62229 46.60 261.6 
52.7 0.7682 6.395 47.84 268.6 57.7 0.7479 6.226 46.58 261.5 
52.8 0.7678 6.392 47.82 268.5 57.8 0.7475 6.223 46.55 261.4 
5269 0. T5T4 6.3838 47.79 268.3 57.9 O.7471 6.219 46.53 261.2 
53.0 0.7669 6.385 47.77 268.2 58.0 0.7407 6.216 46.50 261.1 
53.1 0.7665 6.381 47.74 268.0 58.1 0.7463 6.213 46.48 260.9 
53.2 0.7661 6.378 47.71 267.9 58.2 0.7459 6.2210 46.45 260.8 
53.3 0.7657 6.374 47.69 257.7? 58.3 0.7455 62206 46 .43 260.7 
5304 0.7653 6.3T1 47.66 26746 58.4 0.7451 6.203 46.40 260-5 
53.5 067649 6.368 47.6% 267.4% 58.5 0.7447 6.200 46.38 260.4 
53.6 0.7645 64464 47.61 267.3 58.6 0.7443 6.196 46 236 260.3 
53.7 0.7540 6,361 47.58 267.2 58.7 0.7440 62193 46 033 260.1 
53.8 0.7636 6.357 47.56 267.9 58.8 0.7436 6.190 46.31 260.9 
53.9 0.7632 6.354 47.53 265.9 58.9 0.7432 6.187 46.28 259.8 
54.9 0.7628 6.359 47.51 266.T 59.0 0.7428 6.183 46.26 259.7 
54.1 0.7624 60447 47.48 266.6 59.1 0.7424 6.180 46.23 259.6 
54.2 0.7629 6.244 47246 266.4 59.2 0.7420 6LTT 46.21 259.4 
54.3 0.7616 60 449 47.43 266.3 59.3 0.7416 6.174 46.19 25943 
54.4 0.7612 6.337 47.41 26661 5964 0.7412 6.170 46.16 259.2 
54.5 0.7608 6.333 47.33 266.0 59.5 0.7408 6.167 46.14 259.0 
54.6 9.76903 6.23347 47.35 7265.9 59.6 0.7405 6.164 46.11 258.9 
54.7 0.7599 6.376 47.33 265.7 59.7 0.7401 6.161 46.09 258.8 
54.8 0.7595 6.373 47.39 265.6 59.8 0.7397 6.158 46.06 258.6 
54.9 0.7591 62329 47.23 265.4 59.9 0.7393 6.154 46.04 258.5 
NOTE ~- GAL = U. S. GALLON, BBL = 42 U. S. GALLONS. 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/B88L 
AT 69F 60F/60F AT 60F AT 60F AT 60F AT 60F 60F/60F AT 6OF AT 60F AT 60F 

69.9 0.7389 6.151 46.02 258.3 65.0 0.7201 5.994 44.84 251.8 
69.1 0.7385 6.148 45.99 258.2 65.1 0.7197 5.991 44.82 251.6 
69.2 0.7381 6.145 45.97 258.1 65.2 0.7194 5.988 44.80 251.5 
69.3 0.7377 6.141 45.94 25729 65.3 0.7190 5.985 44.78 251.4 
6064 0.7374 6.138 45.92 257.8 6544 0.7186 5.4982 44.75 251.3 
69.5 0.7370 6.135 45.90 2oTtal 65.5 0.7183 5.979 44.73 251.1 
69.6 0.73466 6213? 45.87 257.5 65.6 0.7179 5.976 44.71 251.0 
69.7 0.7362 6.129 45.85 25764 65.7 O-717T5 5.973 44.68 250.9 
60.8 0.7358 6.125 45.82 257.3 65.8 0.7172 5.970 44.66 250.7 
60.9 0.7354 6.122 45.80 257.1 65.9 0.7168 5.967 44.64 250.6 
61.0 0.7351 6.119 45.78 257.0 66.0 0.7165 5.964 44.62 250.5 
61.14 0.734T 6.116 45.75 256.9 66.1 0.7161 5.961 44.59 250.4 
61.2 0.7343 6.113 45.73 256.7 66.2 0.7157 5.958 44.57 250.2 
61.3 0.7339 6.110 45.71 256.6 66.3 0.7154 52955 44.55 25061 
61-4 0.7335 6.106 45.68 256.5 66.4 0.7150 52952 44.53 250.0 
6165 0.27332 62103 45.66 256.3 66.5 0.7146 5.949 44.50 249.9 
6166 0.7328 6.109 45.63 256.2 66.5 0.7143 S.946 44.48 249.7 
61.7 0.7324 6.997 45.61 256.1 66.7 0.7139 5.943 44.46 249.6 
61.8 0.7320 6.094 45.59 255.9 66.8 0.7136 5.940 44.44 249.5 
61.9 0.7316 6.091 45.56 255.8 66.9 0.7132 5.937 44.41 249.3 
62.9 0.7313 6.087 45.54 255.7 67.0 0.7128 5.934 44.39 249.2 
62.1 0.7309 6.984 45.52 255.5 67.1 0.7125 5.2931 44.3T 249.21 
6242 0.7305 6.981 45.49 25564 67.2 0.7121 5.928 44.35 249.0 
62.43 0.7391 6.078 45.47 25543 67.3 0.7118 5.925 44.32 248.8 
626% 0.7298 6.9075 45.45 25561 67-4 0.7114 $2922 44.30 248.7 
62.5 0.7294 6.972 45.42 255.0 67.5 0.7111 5.919 44.223 248.6 
62.5 0.7290 6.069 45.40 254.9 67.6 0.7107 5.916 44.26 248.5 
62.7 0.7286 6.965 45.38 254.7 67.7 0.7103 5.913 44.23 248.3 
62.8 0.7283 6.062 45.35 254.6 67.8 0.7100 5.910 44.21 248.2 
62.9 0.7279 6.059 45.33 254.5 67.9 0.7096 5.907 44.19 248.1 
63.0 0.7275 6.956 45.31 25464 68.0 0.7093 5.904 44.17 248.0 
63.1 0.7271 6.053 45.28 254-2 68.1 0.7089 5.901 44.15 247.8 
63.2 0.7268 6.050 45.26 254el 68.2 0.7086 5.898 44612 247 eT 
63.3 0.7264 6.047 45.24 254.20 68.3 0.7082 54895 44.10 247.6 
6364 0.7260 6.044 45.21 2593-8 68.4 0.7079 5.892 44.08 247.5 
63.5 9.7256 6.041 45.19 25367 68.5 0.7075 5.889 44.06 247.3 
63.6 0.7253 6.037 45.17 25346 68.6 0.7071 5.886 44.04 247.22 
63.7 0.7249 6.934 45.14 253.4 68.7 0.7068 5.893 44.01 247.1 
63.8 0.7245 6.031 45.12 253.3 68.8 0.7064 5.880 43.99 247.0 
63.9 0.7242 6.928 45.10 253.2 68.9 0.7061 5.877 43.97 246.9 
64.0 0.7238 6.925 45.07 25301 69.0 0.7057 5.875 43.95 246.7 
64el 0.7234 6.022 45.05 25249 69.1 0.7054 5.872 43.93 246.6 
64.2 0.7230 6.019 45.03 252.8 69.2 0.7050 52869 43.90 24625 
64.3 0.7227 6.916 45.00 25267 69.3 0.7047 5.866 43.83 24604 
6464 0.7223 6.013 44.98 2522-5 69.4 0.7043 5.863 43.86 24622 
64-5 0.7219 6.910 44.96 252.4 69.5 0.7040 5.860 43.84 246.1 
6426 0.7216 6.0907 44.94 252.3 69.6 0.7036 5.857 43.82 246.0 
64.7 0.7212 6.9003 44.91 252.1 69.7 0.7033 5.854 43.79 245.9 
64.8 0.7208 6.90090 44.89 252.0 69.8 0.7029 5.851 43.1T 245.7 
64.9 0.7205 5.997 44.87 251.9 69.9 0.7026 5.848 43.75 245.6 
NOTE -- GAL = U. Se. GALLON, BBL = 42 Us. Se GALLONS. 
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6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY CLB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 60F/60F AT 6OF AT 60F AT 60F AT 60F 60F/60F AT 60F AT 60F AT 60F 

70.9 0.7922 92845 43.73 245.5 75.0 0.6852 52704 42.67 239.6 
Tel 0.7919 5842 43.71 24564 T5el 0.6849 5.701 42.65 23944 
79.2 O.7015 5.840 43.69 245.3 W522 0.6846 5.698 42-63 239.3 
70-63 0.7012 5.837 43.66 245-1 75.3 0.6842 5.695 42.61 23942 
W924 0.7008 52834 43.64 245.0 T5604 0.6839 5.692 42.59 239.1 
70.56 0.7005 5.831 43.62 244.9 75.5 0.6836 5.690 42.57 239.0 
TO0.6 0.7001 5.828 43.60 244.8 75.6 0.6832 5.687 42.54 238.9 
719.7 0.6998 5.825 43.58 244.7 75.7 0.6829 5.684 42.52 238.7 
70.8 0.6995 5.A22 43.56 244.5 75.8 0.6826 5.681 42.50 238.6 
79.9 0.6991 5.819 43.53 244.4 75.9 0.6823 5.679 42.48 238.5 
71.0 0.6988 5.816 43.51 244.3 76.0 0.6819 5.676 42.46 238.4 
7lel 0.6984 5.89814 43.49 244.2 76.1 0.6816 5.673 42-44 238.3 
T1.2 0.69861 5.811 43.47 244.0 T6.2 0.6813 5.671 42.42 238.2 
71.3 0.6977 5.898 43.45 243.9 16.3 0.6809 5.668 42.40 238.0 
71.4 0.6974 5.895 43.43 243.8 T6604 0.6806 5.665 42.38 237.9 
71.5 0.6970 5-802 43.41 243.7 76.5 0.6803 52662 42.36 237.8 
71.6 0.4967 5.799 43.38 243.6 76.6 0.6800 5.660 42.34 237.7 
Tle? 0.6964 5.796 43.36 243.4 T6.T 0.6796 52657 42232 237.6 
71.8 0.6960 5.793 43234 243.3 T6.8 0.6793 52654 42.390 237.5 
71.9 9.6957 5.791 43.32 24362 7629 0.6790 5.651 42.28 23724 
72.9 0.6953 5.788 43.30 243-1 77.0 0.6787 52649 42.26 237.2 
72.1 0.6950 5.785 43.28 243.0 77.1 0.6783 5-646 42424 237.1 
72.2 0.6946 5.782 43.26 242.8 TT.2 0.6780 5.643 42.22 237.0 
72.3 0.6943 5.779 43.23 242.7 T7.3 0.6777 5.641 42.20 236.9 
72.4 0.6940 5-776 43.21 242.6 77.4 0.6774 5.638 42.18 236.8 
72.5 0.6936 5.774 43.19 242.5 77.5 0.6770 5.635 42.16 236.7 
72.6 0.6933 5.771 43.17 242.4 77.6 0.6767 5.632 42.14 236.6 
T26T 0.6929 5.768 43.15 242.3 W7.T 0.6764 5.630 42.12 236.5 
72.8 0.6926 5.765 43.13 242-1 77.8 0.6761 5.627 42.10 236.3 
T2e9 0.6923 5.762 43.11 242.0 TT.9 0.6757 52624 42.08 236.2 
73-9 0.6919 5.759 43.09 241.9 78.90 0.6754 5-622 42 406 236.1 
7361 0.6916 5.757 43.07 241.8 78.1 0.6751 5.619 42.04 236.0 
73.2 0.6913 6.754 43.04 241.7 8.2 0.6748 52616 42.02 23529 
73.3 0.6909 5.751 43.02 241.25 78.3 0.6745 §.614 42.00 235.8 
73.4 0.6906 5.748 43.00 241-4 78.4 0.6741 5-611 41.98 235.7 
73.5 0.6902 5.745 42.98 241.3 78.5 0.6738 5.608 41.96 235.6 
73.6 0.46899 5.743 42.96 241.2 78.6 0.6735 5.606 41.94 235.4 
73.7 0.6396 5.740 42.94 241.1 78.7 0.6732 5.603 41.92 235.3 
73.8 0.6892 5.737 42.92 241.0 78.8 0.6728 5.600 41.90 235.2 
73.9 0.6889 5.734 42.90 240.8 78.9 0.6725 5.598 41.88 235.1 
74.0 0.6386 5.731 42.88 240.7 71940 0.6722 5.595 41.86 235.0 
74.1 0.6882 5.729 42.86 240.6 T9 1 0.6719 5.592 41.84 234.9 
T4e2 0.6879 5.726 42.83 240.5 T9062 0.6716 5.590 41.82 234.8 
74.3 0.6876 5.723 42.81 240.4 79.3 0.6713 5.587 41.80 234.7 
1464 0.6872 5.720 42.79 240.2 T1924 0.6709 5.584 41.78 234.65 
1425 0.6869 5.717 423TT 240.1 7925 0.6706 5-582 41.76 23464 
74.6 0.6866 5.715 42.75 240.0 79.6 0.6703 5.579 41.74 234.3 
74.7 0.68362 5.712 42.73 239.9 79.27 0.6700 5-576 4L.72 23422 
74.8 0.6859 5.709 42.71 239.8 79.8 0.6697 5.574 41.70 234.1 
74.9 0.6856 5.706 42.69 239.7 79.9 0.6693 §.571 41.68 234.0 


S. GALLON, BSL = 42 Us S. GALLONS. 
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API TDB CHAPTER*b ** MM 0732290 0536587 933 


6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 6OF 60F/60F AT 60F AT 6OF AT 60F AT 60F 60F/60F AT 60F AT 60F AT 60F 

80.0 9.6690 §.568 41.66 233.9 85.0 0.6536 5.440 40.69 228.5 
80.1 0.66387 5.566 41.64 233.8 85.1 0.6533 §.437 40.68 2286.4 
89.7 0.6684 5.563 41.62 233.7 85.2 0.6530 52435 40.66 228.3 
80.3 0.46681 5.561 41.f9 233.5 85.3 0.6527 § 2432 40.64 228.1 
89.4 0.6678 5.558 41.58 23344 85.44 0.6524 52430 40.62 228.0 
90.5 0.46675 5.555 41.56 233.3 85.5 0.6521 §.427 40.60 227.9 
80.6 0.6671 §.553 41.54 23322 85.6 0.6518 $2425 40.58 227.8 
80.7 0.6668 5.2559 41.52 23361 85.7 0.6515 §.422 40.56 227.7 
BO.8 024665 5.547 41.50 233.9 85.8 0.6512 5.420 40.54 227.6 
80.9 0.6662 §.545 41.48 232.9 85.9 0.6509 5.417 40.53 227.5 
81.0 0.6659 5.542 41.456 232.8 86.0 0.6506 5.415 40.51 227-4 
81.1 0.6656 5.540 41.244 232.7 86.1 0.6503 52412 40.49 227-3 
81.2 0.6653 5.537 41.42 232.6 86.2 0.6500 5-410 40.47 22722 
81.3 9.6649 5.534 41.40 232% 86.3 0.6497 52407 40.45 227.1 
81.4 0.6646 52532 41.38 23263 86.4 0.6494 54405 40.43 227.0 
ALS 0.6443 82529 41.36 232.2 86.5 0.6491 5.402 40.41 226.9 
81.6 0.66490 5-577 41.34 232.1 86.6 0.6488 5.400 40.40 226.8 
81.7 0.6637 5.524 41.33 232.0 86.7 0.6485 5.397 40.38 226.7 
81.8 0.5634 §.521 41.31 231.9 86.8 0.6482 5.395 40.36 226.6 
81.9 0.6631 5.519 41.29 231.8 86.9 0.6479 5.392 40.34 226.5 
82.0 0.4628 5.516 41.27 231.7 87.0 0.6476 5.390 40.32 22644 
82.1 0.6625 5-514 41.25 231.6 87.1 0.6473 5.387 40.30 226.3 
82.2 0.6621 5.511 41.23 231.5 B7.2 0.6470 5.385 40.28 226.2 
B2.3 0.6618 52508 41.21 23164 87.3 0.6467 5.382 40.27 22661 
8244 0.6615 5.506 41.19 231.2 BT .4 0.6464 5.380 40.25 226.0 
82.5 0.5612 §.593 41.17 231.1 87.5 0.6461 5.377 40.23 225.9 
82.6 0.6609 §.501 41.15 231.0 87.6 0.6458 5.375 40.21 225.7 
82.7 0.6696 5.498 41.13 230.9 BT.T 0.6455 5.373 40.19 225.6 
82.8 0.6603 5.496 41.11 230.8 87.8 0.6452 5.370 40.17 225.5 
82.9 0.6600 5.493 41.09 230.7 87.9 0.6449 5.368 40.216 22544 
83.9 0.6597 § 499 41.97 230.6 88.0 0-2-6446 5.4365 40.14 225.3 
83.1 0.6594 5.488 41.96 230.5 88.1 0.6444 5.363 40.12 225.2 
83.2 9.6591 5.485 41.94 230.4 88.2 0.6441 5.360 40.10 225.1 
B3.3 0.6588 52483 41.02 230.3 88.3 0.6438 5.358 40.08 225.0 
83.4 0.6584 5.430 41.09 230.2 88.4 0.6435 5.355 40.06 224.9 
83.5 0.6581 5.478 40.98 230.1 88.5 0 26432 5.353 40.05 224-8 
83.6 0.6578 52475 40.96 230.0 88.6 0.6429 52351 40.03 224.7 
83.7 0.6575 5.473 40.94 229.8 88.7 0.6426 52348 40.01 224.6 
83.8 0.6572 54479 40.92 22967 88.8 0.6423 52346 39.99 224.5 
83.9 0.6569 § 2467 40.99 229468 88.9 0.6420 5.343 39.9T 22444 
84.9 0.6566 5.465 40.88 229.5 89.0 0.6417 5.341 39.95 224.3 
84.1 0.6563 §.462 40.86 229.4 89.1 0.6414 5.338 39.94 224.2 
84.2 0.6569 § 2469 40.85 229.3 89.2 0.6411 5.336 39.92 224.1 
84.3 0.6557 5.457 40.83 229.2 89.3 0.6409 5.334 39.90 224.0 
84.4 0.6554 5.455 40.31 22921 89.4 0.6406 5.3351 39.88 223.9 
84.5 0.6551 § 2452 40.79 89.5 0.6403 52329 39.686 223.8 
84.6 0.65438 5.450 40.77 89.6 0.6400 52326 39.85 223.7 
84.7 0.6545 52447 40.75 89.7 0.6397 5.324 39.83 223.6 
84.8 0.6542 5.445 40.73 89.8 0.6394 5.321 39.81 223.5 
84.9 0.6539 52442 40.71 89.9 0.6391 5.319 39.79 223.4 
NOTE -- GAL = U. S. GALLON, BBL = 42 Us. Se. GALLONS. 
1984 6-15 
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API TDB CHAPTER*& ** MM 0732290 0536584 &7T 


6A1.1 
TABLE 6A1.1 (Continued) 

API SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY CB/GAL LB/CU FT ‘LB8/B8L GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 60F/60F AT 659F AT 60F AT 60F AT 60F 60F/60F AT 60F AT 60F AT 60F 

90.0 0.6388 5.317 39.77 22343 95.0 0.6247 5.199 38.89 218.4 
90.1 0.6385 50314 39.76 22342 95.1 0.6244 5.197 38.88 218.3 
90.2 0.6382 5-312 39.74 223061 9542 0.6242 5.194 38.86 218.2 
90.3 0.6380 5.309 39.72 223.0 95.3 0.6239 5.2192 38.84 218.1 
90.4 9.6377 5.397 39.70 222.9 95.4 0.6236 5.190 38.83 218.0 
90.5 0.6374 5.305 39.68 222.8 95.5 0.6233 5.188 38.81 217.9 
90.6 0.6371 5.23492 39.67 222.7 95.6 0.6231 §.185 38.79 217.8 
90.7 0.26368 5.309 39.65 222.5 95.7 0.6228 5.183 38.77 217.7 
90.8 9.6365 5.297 39,43 222.5 95.8 0.6225 §.18L 38.76 217.6 
90.9 0.6362 5.795 39.61 22264 95.9 0.6223 5.178 38.74 217.5 
91.9 0.6360 5.293 39.59 222.3 96.0 0.6220 5.176 38.72 217.4 
91.1 0.6357 5.799 39.58 222062 9661 0.6217 5.174 38.71 217.3 
91.2 0.6354 5.238 39.56 222.1 96.2 0.6214 5.172 38.69 217.22 
91.3 9.6351 5.284 39.54 222.0 96.3 0.6212 5.169 38.67 217.1 
91.4 0.6348 5.283 39.52 221.9 96.4 0.6209 5.167 38.65 217.0 
91.5 90.6345 5.781 39.51 221.8 96.5 0.6206 5.165 38.64 216.9 
91.6 046342 5.2778 39.49 221.7 96.6 0.6203 5.163 38.62 216.8 
91.7 0.63490 5.276 39.47 221.6 96.7 0.6201 5.160 38.60 216.7 
91.8 0.6337 §.274 39.245 221.5 96.8 0.6198 5.158 38.59 216.6 
91.9 0.6334 5.2771 39.43 221.4 96.9 0.6195 5.2156 38.57 216.5 
92.0 0.6331 5.269 39.42 221.3 97.0 0.6193 §.153 38.55 216.4 
92.1 0.6328 §.767 39.40 221.2 97.1 0.6190 §.151 38.54 216.4 
9262 0.6325 5.264 39.38 221.1 9Te2 0.6187 5.149 38.52 216.3 
92.3 0.6323 5.262 39.36 221.0 97.3 0.6184 5.147 38.50 216.2 
9244 0.6320 5.260 39.35 220.9 9764 0.6182 52144 38.49 216.1 
92.5 0.6317 5.257 39.33 220.8 97.5 0.6179 54142 38.47 216.0 
92.6 0.6314 5.255 39.31 220.7 97.6 0.6176 5.140 38.45 215.9 
92.7 0.6311 5.752 39.29 220.6 9T.7 0.6174 5.138 38.44 215.8 
92.8 0.6309 §.250 39.28 220.5 97.8 0.6171 5.135 38.42 215.7 
92.29 9.6396 5.248 39.26 220.4 97.9 0.6168 5.133 38.40 215.6 
93.0 0.6303 52245 39.24 220.3 98.0 0.6166 5.131 38.38 215.5 
93.1 9.6300 5.743 39.22 220.2 98.1 0.6163 5.129 38.37 215.4 
93.2 0.6297 5.°41 39.21 22061 98.2 0.6160 5.126 38.35 215.3 
93.3 0.6294 5.2738 39.219 220.0 98.3 0.6158 5.124 38.33 215.2 
93.4 9.6292 5.236 39.17 219.9 98.4 0.6155 5.122 38.32 215.1 
93.5 0.6289 § 2234 39.15 219.8 98.5 0.6152 §.120 38.30 215.0 
93.6 0.6286 5.231 39.14 219.7 98.6 0.6150 5.118 38.28 214.9 
93.7 0.6283 5.2229 39.12 219.6 98.7 0.6147 52115 38.27 214.8 
93.8 0.6281 5.227 39.10 219.5 98.8 0.6144 5.113 38.25 214.8 
93.9 0.6278 $4224 39.08 21964 98.9 0.6141 $e1ll 38.23 214.7 
94.0 0.6275 5.222 39.07 219.3 99.0 0.6139 5.2109 38.22 214.6 
94.1 0.6272 5.2220 39.05 219.2 99.1 0.6136 5.106 38.20 214.5 
94.2 0.6269 5.718 39.03 219.1 99.2 0.6134 5.104 38.18 21404 
94.3 0.6267 5.2215 39.01 219.0 99.3 0.6131 5.102 38.17 214.3 
94.4 0.6264 $4213 39.00 218.9 99.4 0.6128 5.100 38.15 214.2 
94.5 0.6261 5.211 38.98 218.8 99.5 0.6126 5.098 38.13 214.1 
94.6 0.6258 §.208 38.96 218.7 99.6 0.6123 5.095 38.12 214.0 
94.7 9.6256 5.206 38.95 218.7 99.7 0.6120 52093 38.10 213.9 
94.8 0.6253 5.204 38.93 218.6 99.8 0.6118 5.091 38.09 213.8 
94.9 0.6250 5.201 38.91 218.5 99.9 0.6115 5.089 38.07 213.7 
NOTE -- GAL = Ue S. GALLON, BBL = 42 U. S. GALLONS. 
6-16 1984 
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API TDB CHAPTER*B x** HM 0732290 0536549 706 


6A1.1 
TABLE 6A1.1 (Continued) 

APE SPECIFIC WEIGHT IN AIR API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F 6OF/GOF AT 60F AT 60F AT 6&OF AT 60F 60F/60F AT GOF AT 60 AT 60F 
100.0 0.6112 5.087 38.05 213.6 105.0 0.5983 4.979 37.25 209.1 
100.1 6.6110 5.984 38.04 213.5 105.1 0.5981 4.977 37.23 209.0 
100.2 0.6107 §.982 38.02 213.5 105.2 0.5978 4.975 37.21 208.9 
100.3 0.6104 5.9B0 38.00 213.4 105.3 0.5976 4.972 37.20 208.8 
100.4 0.6102 5.078 37.99 213.3 105.4 0.5973 4.970 37.18 208.8 
100.5 0.6099 5.076 37.97 213.2 105.5 0.5970 4.968 37.17 208.7 
100.6 0.6097 5.073 37.95 213.1 105.6 0.5968 4.966 37.15 208.6 
100.7 0.6094 5.971 37.94 213.0 105.7 0.5965 44964 37.14 208.5 
100.8 0.6991 5.969 37.92 212.9 105.8 0.5963 4.962 37.12 208.4 
100.9 0.6089 5.067 37.90 212.8 105.9 0.5960 4.960 37.10 208.3 
101.0 0.6086 5.065 37.59 212.7 166.0 0.5958 4.958 37.093 208.2 
101.1 0.6083 54962 37.87 212.6 106.1 0.5955 4.956 37.07 208.1 
101.2 9.6081 5.0459 37.86 212-5 106.2 0.5953 42954 327.06 208.1 
101.3 0.60793 5.958 37.84 212.4 106.3 0.5950 4.952 37.04 208.0 
101.4 0.6076 5.956 37.82 212.3 106.4 0.5948 4.949 37.03 207.9 
101.5 0.6073 5.954 37.81 212.3 106.5 0.5945 4.947 37.01 207.8 
101.6 0.6070 5.952 37.79 212.2 106.6 0.5943 42945 37.00 207.7 
1LO1.¢ 0.6068 5.949 37.77 212.1 106.7 0.5940 42943 36.98 207.6 
101.8 0.6065 5.047 37.76 212.90 106.8 0.5938 4.941 36.96 207.5 
101.9 0.6063 5.945 37.74 211.9 106.9 0.5935 42939 36.95 207.4 
102.0 0.6060 5.043 37.73 211.8 197.0 0.5933 4.937 36.93 207.4 
102.1 0.6057 §.041 37.71 211.7 107.1 0.5930 4.935 36.92 207.3 
102.2 0.6055 5.939 37.69 211.6 107.2 0.5928 44933 36290 207.2 
102.3 0.6052 5.036 37.68 211.5 107.3 0.5925 4.931 36.89 207.1 
102.4% 0.6050 5.934 37.66 211.4 107.4% 0.5923 4.929 36.87 207.0 
102.5 0.6047 5.932 37.65 211.3 107.5 0.5921 4.927 36.86 206.9 
102.6 0.6044 5.939 37.63 211.3 107.6 0.5918 4.925 36.84 206.8 
102.7 0.6042 5.028 37-61 211.2 107.7 0.5916 42922 30.83 206.7 
102.8 0.6039 52026 37.60 2liel 107.8 0.5913 42920 30.81 206.7 
1902.9 0.6037 5.023 37.58 211.0 107.9 0.5911 4.9138 36.79 206.6 
193.0 0.6934 5.921 37.56 210.9 108.0 0.5908 4.916 36.78 206.5 
193.1 0.6032 5.919 BTe55 210.8 108.1 0.5906 4.914 36.76 206.4 
133.2 0.6029 5.017 37.53 210.7 108.2 0.5903 4.912 36375 206.3 
103.3 0.6026 5.015 37.52 210.6 108.3 0.5901 4.910 36.73 206.2 
103.4 0.6024 5.913 37.50 210.5 108.4 0.5898 4.908 36.72 20661 
103.5 0.6021 5.011 37-48 210.4 108.5 0.5896 4.906 36.7C 206.1 
103.6 0.5019 5.009 B7 47 210.4 108.6 0.5893 4.904 36.69 206.0 
103.7 0.6016 5.996 37.45 210.3 108.7 0.5891 4.902 36.67 205.9 
103.8 0.6014 5.904 37.44 210.2 108.8 0.5888 4.900 36.66 205.8 
103.9 0.6911 5.002 37242 210.1 108.9 0.5886 4.898 36 264 205.7 
104.0 0.6008 5.0090 37240 210.0 109.0 0.5884 4.896 36.63 205.6 
104.1 0.6906 4.993 37.39 209.9 109.1 0.5881 44894 36.61 205.5 
104.2 0.6003 4.996 37.37 209.8 109.2 0.5879 4.892 36.60 205.5 
194.3 0.6001 4.994 37.36 209.7 109.3 0.5876 4.890 36.58 2054.4 
104.4 0.5998 4.991 37.34 209.6 109.4 0.5874 4.888 36.56 205.3 
104.5 0.5996 42989 37.32 209.6 109.5 0.5871 4.886 36.55 205.2 
104.6 0.5993 4.987 37231 209.5 109.6 0.5869 4.884 36.253 205.1 
104.7 0.599) 4.985 37.29 20944 109.7 0.5867 4.832 36.52 205.0 
104.8 0.5988 4.983 37.28 209.3 109.8 0.5864 4.880 36.50 204.9 
104.9 0.5986 4.981 37.26 209.2 109.9 0.5862 4.878 36.49 204.9 

NOTE -- GAL = Us SS.» GALLONs BBL = 42 Ue Se GALLONS. 
1984 6-17 
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API TDB CHAPTER*6 ** HM 0732290 0536590 426 


TABLE 6A1.1 (Continued) 


API 


GRAVITY 
AT 60F 


SPECIFIC WEIGHT IN AIR 
GRAVITY LB/GAL LB/CU FT LB/BBL 
60F/60F AT 60F AT 60F AT 60F 
0.5740 4e776 35.73 200.6 
0.5738 4.774 35-72 20025 
0.5736 4.773 35.70 20064 
0.5733 4.771 35.69 20044 
0.5731 4.769 35.67 200.3 
0.5729 4.767 35.66 200.2 
0.5726 4.765 35.65 200.1 
0.5724 4.763 35.63 200.0 
0.5722 4.761 35.62 200.0 
0.5719 4.759 35-60 199.9 
0.5717 4.757 35.59 195.8 
0.5715 4.755 35-57 199.7 
0.5713 4.753 35.56 199.6 
0.5710 4.751 35.54 199.6 
0.5708 4.749 35.53 199.5 
0.5706 4.747 35.52 199.4 
0.5703 4.746 35.50 199.3 
O.5701L 4.744 35.49 199.2 
0.5699 4.742 35.47 199.2 
0.5696 4.749 35 246 199.1 
0.5694 4.738 35444 199.0 
0.5692 4.736 35.43 198.9 
0.5690 4.734 35 242 198.8 
0.5687 4.732 35.40 198.8 
0.5685 4.730 35.39 198.7 
0.5683 4.728 35.37 198.6 
0.5686 4.726 35236 198.5 
0.5678 4.725 35 234 198.4% 
0.5676 4.723 35233 198.4 
0.5674 4-721 35.32 198.3 
0.5671 4.719 35.30 198.2 
0.5669 4.717 35.29 198.1 
0.5667 4.715 35.27 198.0 
0.5665 4.713 35.26 198.0 
0.5662 4.711 35.425 197.9 
0.5660 4.709 35223 197.8 
0.5658 4.708 35222 197.7 
0.5655 4.706 35.20 197.6 
0.5653 4.1704 35.19 197.6 
0.5651 4.702 35.17 197.5 
0.5649 4.700 35.16 197.4 
0.5646 4.698 35.15 197.3 
0.5644 4.696 35.13 197.2 
0.5642 42694 35412 197.2 
0.25640 42692 35.210 197.1 
0.5637 4.691 35.09 197.0 
0.5635 4.689 25.08 196.9 
0.5633 4.687 35.06 196.8 
0.5631 4.685 35.05 196.8 
0.5628 4.683 35.03 196.7 


6A1.1 
API SPECIFIC WEIGHT IN AIR 
GRAVITY GRAVITY LB/GAL LB/CU FT LB/BBL 
AT 60F G6O0F/60F AT GOF AT 60F AT 60F 
110.0 0.5859 4.876 36.47 204.8 
110.1 0.5857 4.873 36.46 204.7 
110.2 0.5854 4.871 36.44 204.6 
110.3 0.5852 4.3869 36.43 204.5 
110.4 0.5859 4.867 36.41 204.4 
110.5 0.5847 4.865 36.40 204.3 
110.6 0.5845 4.963 36.38 204.3 
110.7 0.59842 4.961 36.37 204.2 
110.8 0.5840 4.859 36.35 204.1 
110.9 0.5837 4.8957 36.34 204.0 
111.0 0.5835 4.855 36.32 203.9 
1Llel 0.5833 4.853 36.31 203.8 
111.2 0.5830 4.851 36.279 203.8 
111.3 0.5828 4.849 36.28 203.7 
111.4 0.5825 4.847 36.26 203.6 
111.5 0.5823 4.845 36.25 203.5 
111.6 0.5821 4.843 36.23 203.4 
111.7 0.5818 4.841 36.22 20343 
111.8 0.5816 4.939 36.20 203.3 
111.9 0.5913 4.837 36.19 203.2 
112.0 0.5811 4.835 236.17 203.2 
112.1 0.5809 4.833 36.16 203.0 
112.2 0.53806 4.832 36.14 202.9 
112.3 0.5804 4.829 36.13 202.8 
112.4 0.5802 4.827 36.11 202.8 
112.5 0.5799 44525 36.10 202.7 
112.6 0.5797 4.323 36.08 20226 
112.7 0.5794 4.821 36.07 202.5 
112.8 0.5792 4.820 36.05 202.4 
112.9 0.5790 4.818 36.04 202.3 
113.9 0.5787 4.816 36.93 202.3 
113.1 0.5785 4.91% 36.01 202.2 
113.2 0.5783 4.812 36.00 202.1 
113.3 0.5780 4.910 35.98 202.0 
113.4 0.5778 4.898 35.97 201.9 
113.5 0.5776 4.896 35.95 201.8 
113.6 0.5773 4.804 35.94 201.8 
113.7 O.577L 4.8992 35.92 201.7 
113.8 0.5768 4.800 35.91 201.6 
113.9 0.5766 4.798 35.3939 201.5 
114.0 0.5764 4.796 35.88 201.4 
114.1 0.5761 4.79% 35.86 201.3 
114.2 0.5759 4.792 35.85 201.3 
114.3 0.5757 4.799 35.83 201.2 
114.4 0.5754 4.788 35.82 201.1 
114.5 0.5752 4.786 35.81 201.0 
114.6 0.5750 4.784 35.79 200.9 
114.7 0.5747 4.782 35.78 200.9 
114.8 0.5745 4.780 35.76 200.8 
114.9 0.5743 4.778 35.75 200.7 
NOTE -- GAL =U. S. GALLON, BBL = 42 U. S. 
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COMMENTS ON FIGURES 6A2.1 THROUGH 6A2.12 


Purpose 

Specific gravity-temperature data are presented for pure hydrocarbons at saturation pres- 
sures. Additional hydrocarbons are covered in Procedures 6A2.13 and 6A2.15. 
Reliability 


The maximum error to be expected from experimental data over the entire solid length of 
each curve is 1.0 percent. At temperatures 100 F below the critical temperature and lower, 
the estimated maximum error is 0.5 percent. 


2000 


Notation 


O = critical point. 
Xx = triple point. 


The broken lines indicate extrapolations beyond the limits of the available literature data. 


Data Sources 


Methane (la,3a,9a,25a,37a,47a,48a,55a, 
59a,62a,71a,86a,99a,112a,135a,136a, 
146a) 

Ethane (1a,7a,9a,15a,37a,43a,49a,55a, 
59a,63a,65a,66a,77a,78a,142a) 

Propane (1a,12a,20a,22a,28a,30a,37a, 
53a,55a,56a,63a,65a,73a,74a,79a,80a, 
92a,97a,111a,113a,121a,123a,127a,138a, 
144a) 

n-Butane (1a,16a,20a,23a,37a,43a,55a, 
65a,74a,94a,105a,121a) 

2-Methylpropane (isobutane) (1a,10a,14a, 
16a,20a,23a,37a,43a,55a,65a,74a,94a, 
118a,121a,148a) 

n-Pentane (1a,20a,37a,59a,74a,102a,117a, 
119a,121a,122a,140a) 

2-Methylbutane (isopentane) (1a,4a, 
37a,59a,61a) 

n-Hexane (1a,35a,37a,59a,70a,107a, 
134a,150a) 

2,3-Dimethylbutane (1a,68a) 

n-Heptane (1a,37a,43a,59a,66a,83a, 
107a,140a) 

2-Methylihexane (83a) 

3-Methylhexane (83a) 

3-Ethylpentane (83a) 

2,2-Dimethylpentane (83a) 

2,3-Dimethylpentane (83a) 
2,4-Dimethylpentane (83a,106a) 
3,3-Dimethylpentane (83a) 
2,2,3-Trimethylbutane (83a) 

n-Octane (1a,19a,35a,37a,41a, 
59a,107a,117a) 

2-Methylheptane (83a) 

3-Methylheptane (83a) 

4-Methylheptane (83a) 

3-Ethylhexane (83a) 

2,2-Dimethylhexane (83a) 

2,3-Dimethylhexane (83a) 
2,4-Dimethylhexane (83a) 
2,5-Dimethylhexane (83a) 
3,3-Dimethylhexane (83a) 
3,4-Dimethylhexane (83a) 
2-Methyl-3-ethylpentane (83a) 
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3-Methyl-3-ethylpentane (83a) 

2,2,3-Trimethylpentane (83a) 

2,2,4-Trimethylpentane (83a,106a) 

2,3,3-Trimethylpentane (83a) 

2,3,4-Trimethylpentane (83a) 

2,2,3,3-Tetramethylbutane (43a,83a) 

n-Nonane (1a,19a,37a,107a} 

2,2,5-Trimethylhexane (1a,37a,43a) 

n-Decane (1a,37a,43a,107a) 

n-Dodecane (1a,35a,37a,43a) 

n-Hexadecane (35a) 

Ethene (ethylene) (1a,33a,37a,59a) 

Propene (propylene) (1a,20a,37a,40a,52a, 
59a,74a,77a,90a,121a,145a,151a) 

1-Butene (1a,13a,20a,23a,37a,74a,90a, 
95a,121a,148a) 

2-Methylpropene (isobutylene) (1a,43a, 
§3a,90a,103a,148a) 

cis -2-Butene (1a,37a,59a,90a,148a) 

trans-2-Butene (1a,23a,37a,90a,148a) 

1,3-Butadiene (1a,29a,37a,102a, 
104a,126a) 

Ethyne (acetylene) (1a,37a) 

Propyne (methylacetylene) (1a,37a,147a) 

Cyclopropane (75a) 

Cyclopentane (72a) 

Cyclohexane (1a,37a,43a,106a) 

Methylcyclohexane (1a,37a,43a) 

Benzene (1a,18a,37a,43a,45a,50a,59a, 
96a,128a) 

Methylbenzene (toluene) (1a,18a,37a, 
43a,59a,143a) 

Ethylbenzene (1a,37a,101a) 

1,2-Dimethylbenzene (o-xylene) 
(1a,37a,43a,59a,128a,140a) 

1,3-Dimethylbenzene (m-xylene) (1a,37a, 
43a,59a,128a,140a) 

1,4-Dimethylbenzene (p-xylene) (1a,37a, 
43a,59a,128a) 

n-Propylbenzene (1a,37a,140a) 

Isopropylbenzene (1a,37a,101a) 

Naphthalene (1a,37a,89a) 

Biphenyl (1a,37a,87a) 
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PROCEDURE 6A2.13 
SATURATED LIQUID DENSITIES OF PURE COMPONENTS 


Discussion 


This procedure, using the modified Rackett equation, and Procedure 6A2.15, using the COSTALD 
method, are both recommended methods for the calculation of the saturated densities of pure liquids. 
Equation (6A2.13-1) is applicable from the triple point to the critical point. 


ale ( RY } Zits CE atlas (6A2.13-1) 
Py Py 
Where: 
Ps = Saturated liquid density at temperature T, in pound-moles per cubic foot. 
R = gas constant = 10.731 (pounds per square inch absolute) (cubic feet) per (pound-mole) 


(degree Rankine). 
T. = reduced temperature, T/T,. 
T = temperature, in degrees Rankine. 
T, = critical temperature, in degrees Rankine. 
P. = critical pressure, in pounds per square inch absolute. 
Zpa = anempirically derived constant (see Table 6A2.11). 


Procedure 


Step 1: Obtain the critical temperature and critical pressure from Chapter 1. 

Step 2: Obtain a Zp, value from Table 6A2.14. If the compound is not listed in Table 6A2.14 and 
one or more experimental saturated liquid density values are available, calculate a Zp, value from 
equation (6A2.13-1). If the compound is not listed in Table 6A2.14 and no experimental saturated 
liquid density data are available, the critical compressibility value in Chapter 2 may be used as an 
estimate for Zp. 


Step 3: Calculate the reduced temperature and then calculate the desired density using equation 
(6A2.13-1). 
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COMMENTS ON PROCEDURE 6A2.13 


Purpose 


An equation is given for calculating the saturated liquid densities of pure liquids. This equation has 
an accuracy comparable to the COSTALD method given in Procedure 6A2.15. Many hydrocarbons 
are also covered in Figures 6A2.1 through 6A2.12, which may be more convenient to use. 


Limitations 

The equation is generally applicable between the triple point and the critical point. When the value 
of Zpa is not available, a Zp, should be calculated from any available density data using Step 2 of 
the procedure. If no such data are available, Z, may be substituted for Zp,. 


Reliability 


The average absolute deviations from experimental data with equation (6A42.13-1) were 0.7 
percent for hydrocarbons and 1.2 percent for nonhydrocarbons (32a). The equation is very sensitive 
to the value of Zp q, particularly in the region near the critical point. If Z, is used in place of Zp, the 


average absolute deviations increased to 3 percent for both the hydrocarbons and the nonhydro- 
carbons. 


Literature Source 
Adapted from Rackett, J. Chem. Eng. Data 15 514 (1970) as described by Spencer and Danner, 
J. Chem. Eng. Data 17 236 (1972). Zea values in Table 6A2.14 have been calculated by the 


Technical Data Book staff from experimental saturated density data or taken from Spencer and 
Adler, J. Chem. Eng. Data 23 82 (1978). 


Example 


The density of saturated liquid propane at 30 F is desired. 
From Chapter 1, 
T, = 206.06 F 
p, = 616.00 pounds per square inch absolute 
molecular weight = 44.10 


From Table 6A2.14, Zp q = 0.2763. 


T. = 206.06 + 459.7 = 665.8 R 
30.0 + 459.7 


pee tee 
665.8 ee 


From equation (6A2.13-1), 
1 (10.731) (665.8) [ 1.0+ (1.0-0.736)277 ] 
— = —____ 09)? ‘ : . 
Ps as05 


(11.599) (0.2763) [1-0 + 06835) 
= 1.3304 cubic feet per pound-mole 
Ps = 0.7517 pound-mole per cubic foot 


0.7517 x x 44,10 


1 
62.43 
0.5310 gram per millimeter 


The experimental value (30a) is 0.5315 gram per milliliter. 
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6A2.14 
TABLE 6A2.14 
INPUT PARAMETERS FOR EQUATIONS (6A2.13-1) AND (6A2.15-1) 
FOR CALCULATING PURE SATURATED LIQUID DENSITIES 
yr 
Liquid ZRA OsrK (cu ft / lb-mole) 
Hydrocarbons 
Paraffins 
Methane 0.2880 0.0108 1.592 
Ethane 0.2819 0.0990 2.335 
Propane 0.2763 0.1517 3.205 
n-Butane 0.2730 0.1931 4.075 
2-Methylpropane (isobutane) 0.2760 0.1770 4.114 
n-Pentane 0.2685 0.2486 4,987 
2-Methylbutane (isopentane) 0.2718 0.2275 4.959 
2,2-Dimethylpropane (neopentane) 0.2763 0.1964 5.007 
n-Hexane 0.2637 0.3047 5.898 
2-Methylpentane 0.2673 0.2781 5.890 
3-Methylpentane 0.2690 0.2773 5.820 
2,2-Dimethylbutane 0.2733 0.2339 5.821 
2,3-Dimethylbutane 0.2704 0.2476 5.783 
n-Heptane 0.2610 0.3494 6.895 
2-Methylhexane 0.2637 0.3282 6.846 
3-Methylhexane 0.2632 0.3216 6.778 
3-Ethylpentane 0.2664 0.3094 6.669 
2,2-Dimethylpentane 0.2673 0.2879 6.768 
2,3-Dimethylpentane 0.2636 0.2923 6.611 
2,4-Dimethylpentane 0.2661 0.3018 6.810 
3,3-Dimethylpentane 0.2735 0.2672 6.627 
2,2,3-Trimethylbutane 0.2728 0.2503 6.608 
n-Octane 0.2569 0.3962 7.856 
2-Methylheptane 0.2581 0.3769 7.832 
3-Methylheptane 0.2576 0.3716 7.748 
4-Methylheptane 0.2588 0.3711 7.755 
3-Ethylhexane 0.2585 0.3678 7.289 
2,2-Dimethylhexane 0.2639 0.3378 7.735 
2,3-Dimethylhexane 0.2622 0.3472 7.633 
2,2-Dimethylhexane 0.2658 0.3436 7.707 
2,5-Dimethylhexane 0.2614 0.3576 7.782 
3,3-Dimethylhexane 0.2601 0.3196 7.095 
3,4-Dimethylhexane 0.2632 0.3381 7.564 
2-Methyl-3-ethylpentane 0.2612 0.3308 7.095 
3-Methy]-3-ethylpentane 0.2666 0.3047 7.289 
2,2,3-Trimethylpentane 0.2673 0.2970 7A95 
2,2,4-Trimethylpentane 0.2682 0.3031 7,672 
2,3,3-Trimethylpentane 0.2686 0.2903 7420 
2,3,4-Trimethylpentane 0.2656 0.3161 7.511 
2,2,3,3-Tetramethylbutane 0.2745 0.2171 7.319 
n-Nonane 0.2555 0.4368 8.857 
2,2,5-Trimethylhexane 0.2637 0.3567 8.663 
n-Decane 0.2527 0.4842 9.919 
n-Undecane 0.2500 0.5362 10.997 
n-Dodecane 0.2471 0.5452 12.107 
n-Tridecane 0.2468 0.6186 13.323 
n-Tetradecane 0.2270 0.5701 14.452 
n-Pentadecane 0.2420 0.7083 15.654 
n-Hexadecane 0.2386 0.7471 16.882 
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6A2.14 
TABLE 6A2.14 (Continued) 
ye 
Liquid ZRA OsrK (cu ft / Ib-mole) 

Hydrocarbons 

Paraffins 
n-Heptadecane 0.2343 0.7645 17.954 
n-Octadecane 0.2292 0.7946 19.205 
n-Nonadecane — 0.8196 20.368 
n-Eicosane 0.2281 0.9119 22.032 

Naphthenes 
Cyclopropane 0.2743 0.1348 2.579 
Cyclobutane 0.2761 0.1866 = 
Cyclopentane 0.2709 0.1943 4.165 
Methylcyclopentane 0.2712 0.2302 5.096 
1,1-Dimethylcyclopentane — 0.2721 6.013 
1-cis-2-Dimethylcyclopentane — 0.2662 5.937 
1-trans-2-Dimethylcyclopentane — 0.2698 6.062 
1-cis-3-Dimethylcyclopentane — 0.2737 6.127 
1-trans-3-Dimethylcyclopentane — 0.2678 6.081 
Cyclohexane 0.2729 0.2149 4.950 
Methylcyclohexane 0.2702 0.2350 5.941 
Cycloheptane 0.2696 0.2430 — 
Cyclooctane 0.2667 0.2537 —_— 

Olefins 
Ethene (ethylene) 0.2813 0.0852 2.098 
Propene (propylene) 0.2783 0.1424 2.930 
1-Butene 0.2735 0.1867 3.808 
cis-2-Butene 0.2705 0.2030 3.702 
trans-2-Butene 0.2722 0.2182 3.792 
2-Methylpropene (isobutylene) 0.2727 0.1893 3.795 
1-Pentene 0.2692 0.2330 4.727 
cis-2-Pentene 0.2687 0.2406 4.605 
trans-2-Pentene 0.2705 0.2373 4.692 
2-Methy]-1-butene 0.2607 0.2287 4.625 
3-Methyl-1-butene 0.2739 0.2286 4.710 
2-Methyl-2-butene 0.2571 0.2767 4.618 
1-Hexene 0.2654 0.2800 5.621 
1-Heptene 0.2614 0.3310 6.589 
1-Octene 0.2565 0.3747 7.545 
1-Nonene 0.2533 0.4171 8.543 
1-Decene 0.2519 0.4645 9.632 

Diolefins and Acetylenes 
Propadiene 0.2707 0.1594 2.355 
1,2-Butadiene 0.2686 0.2509 3,497 
1,3-Butadiene 0.2713 0.1932 3.527 
1,2-Pentadiene 0.2677 0.2235 4.312 
1-cis-3-Pentadiene —_ 0.1470 4311 
1-trans-3-Pentadiene — 0.1162 4.392 
2-Methy]-1,3-butadiene 0.2680 0.1583 4.311 
Ethyne (acetylene) 0.2707 0.1873 1.807 
Propyne (methylacetylene) 0.2703 0.2161 2.577 
1-Butyne 0.2709 0.2469 3.450 
2-Butyne 0.2691 0.1305 3.374 

Aromatics 
Benzene 0.2696 0.2108 4.107 
Methylbenzene (toluene) 0.2645 0.2641 5.025 
Ethylbenzene 0.2619 0.3036 5.930 
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6A2.14 
TABLE 6A2.14 (Continued) 
ye 
Liquid ZRA OgrkK (cu ft /Ilb-mole) 
Hydrocarbons 
Aromatics 
1,2- Dimethylbenzene (o-xylene) 0.2626 0.3127 5.884 
1,3-Dimethylbenzene (m-xylene) 0.2594 0.3260 5.977 
1,4-Dimethylbenzene (p-xylene) 0.2590 0.3259 5.991 
n-Propylbenzene 0.2599 0.3462 6.885 
Isopropylbenzene (cumene) 0.2616 0.3377 6.842 
n-Butylbenzene 0.2578 0.3917 7.883 
Biphenyl 0.2746 0.3659 7.833 
Naphthalene 0.2611 0.3019 6.142 
Organics 
Acids 
Formic acid 0.2049 0.4730 1.874 
Acetic acid 0.2242 0.4624 2.789 
Propionic acid 0.2486 0.5131 — 
Butyric acid 0.2482 0.6041 — 
Isobutyric acid 0.2403 0.6181 — 
Valeric acid 0.2475 0.6269 — 
Adipic acid 0.2295 0.6701 7.759 
Stearic acid 0.2352 1.2312 21.513 
Alcohols and Glycols 
Methanol 0.2340 0.5656 1,919 
Ethanol 0.2523 0.6371 2.807 
1-Propanol 0.2537 0.6279 3.692 
2-Propanol 0.2508 0.6689 3.705 
1-Butanol 0.2570 0.5945 4.551 
2-Butanol 0.2568 0.5885 4,373 
1-Pentanol 0.2588 0.5938 5.506 
3-Pentanol 0.2666 0.7094 5.500 
1-Hexanol 0.2612 —_— —_— 
1-Decanol 0.2627 —_ — 
Dodecanol — 1.1256 13.268 
Ethylene glycol 0.2477 1.2280 3.396 
Diethylene glycol 0.2494 1.2006 5.642 
Glycerol 0.1918 1.9845 6.598 
Phenol 0.2767 0.4259 4.500 
Aldehydes and Ketones 
Formaldehyde 0.2231 0.2816 1.603 
Acetaldehyde 0.2387 0.3167 2.433 
Furfural 0.2448 0.4442 4.200 
Ketene _— 0.0967 2.323 
Acetone 0.2448 0.3064 3.332 
Methyl ethyl ketone 0.2524 0.3241 4.042 
Diethyl ketone 0.2557 0.3502 4.860 
Methyl isopropy! ketone — 0.3456 5.056 
Methyl isobutyl ketone 0.2589 0.3967 6.020 
Amides 
Formamide 0.1983 0.4730 2.090 
n-Methylformamide 0.2110 0.3965 3.032 
n, n-Dimethylformamide 0.2242 0.3672 3.843 
Acetamide 0.2243 0.4624 2.931 
Propionamide — 0.5131 3.854 
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6A2.14 
TABLE 6A2.14 (Continued) 
yr 
Liquid ZRA OseK (cu ft / Ib-mole) 

Organics 

Amines and Anilines 
Methylamine 0.2597 0.2813 1.959 
Ethylamine 0.2640 0.2851 2.839 
Propylamine 0.2644 0.2957 _— 
Isopropylamine 0.2685 0.2785 _— 
Butylamine 0.2666 0.3295 —_ 
Isobutylamine 0.2735 0.3627 — 
Dimethylamine 0.2642 0.3044 2.903 
Diethylamine 0.2568 0.3045 4.655 
Dipropylamine 0.2691 — —_ 
Trimethylamine 0.2788 — —_ 
Triethylamine 0.2693 0.3196 6.449 
Aniline 0.2607 0.4041 4.647 
n-Methylaniline 0.2849 — —_ 
n, n-Dimethylaniline 0.2558 — —_— 

Esters 
Methyl formate 0.2581 0.2537 — 
Ethyl] formate 0.2587 0.2849 — 
n-Propyl formate 0.2593 0.3180 — 
Methyl acetate 0.2553 0.3254 3.623 
Ethyl acetate 0.2538 0.3611 4.570 
Vinyl acetate 0.2608 0.3384 4.275 
n-Propyl acetate 0.2544 0.3941 —_— 
Methyl propionate 0.2568 _— —_ 
Ethyl! propionate 0.2546 —_— = 
Methyl n-butyrate 0.2564 0.3807 —_— 
Methy] isobutyrate 0.2585 — —_ 
Methyl acrylate 0.2560 0.3373 4.229 
Ethyl acrylate 0.2583 0.3908 5.198 

Ethers 
Dimethyl ether 0.2738 0.2036 2.710 
Methyl ethy] ether 0.2683 0.2189 3.550 
Methyl-n-buty] ether 0.2655 0.3137 5.402 
Methy] isobutyl ether — 0.3049 5.413 
Methyl vinyl! ether —_— 0.2489 3,221 
Diethyl ether 0.2643 0.2846 4.505 
Ethy1 vinyl ether —_— 0.2673 3.968 
Diisopropy] ether 0.2699 0.3300 6.399 

Halogen Compounds 
Methyl fluoride 0.249] 0.2125 1.688 
Difluoromethane 0.2465 —_— —_— 
Trifluoromethane 0.2587 0.2672 — 
Carbon tetrafluoride 0.2801 0.1855 — 
1,1-Difluoroethane 0.2534 — —_— 
1,1,1-Trifluoroethane 0.2518 0.2529 — 
Perfluorocyclobutane 0.2705 — _ 
Perfluoro-7-butane 0.2699 — — 
Fluorobenzene 0.2662 0.2434 4.328 
Hexafluorobenzene 0.2567 —_ —_— 
Hexafluoroacetone 0.2664 —_ —_— 
Trifluoroacetonitrile 0.2664 — — 
Methyl! chloride 0.2679 0.1529 2.183 
Dichioromethane 0.2619 0.1916 2.830 
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Liquid 
Halogen Compounds 


Chloroform 
Tetrachloromethane 
Chloroethane 
Chlorobenzene 
Chlorodifluoromethane 
Chiorotrifluoromethane 


Trichlorofluoromethane 
Dichlorodifluoromethane 
Ethyl bromide 
Bromobenzene 
Todobenzene 


Nitrogen compounds 
Acetonitrile 
Propionitrile 
Butyronitrile 
Benzonitrile 
Nitromethane 
Nitrobenzene 


Oxides 
Ethylene oxide 
Propylene oxide 


Sulfides 
Dimethy] sulfide 
Methyl ethyl sulfide 
Methy] n-propy! sulfide 
Diethyl sulfide 
Methyl isopropyl sulfide 


Methyl n-butyl sulfide 
Ethyl n-propyl sulfide 
Methyl sec-butyl sulfide 
Methy] isobutyl! sulfide 
Ethy! isopropy] sulfide 


Methyl tert-butyl sulfide 
Ethyl n-butyl sulfide 
Di-n-propy] sulfide 
n-Propy] isopropyl sulfide 
Ethy! sec-butyl sulfide 


Ethyl isobutyl! sulfide 
Ethyl rert-buty! sulfide 
Diisopropyl sulfide 
Di-n-butyl sulfide 
Diisoamy] sulfide 
Dially! sulfide 


Inorganics 


Ammonia 

Argon 

Carbon dioxide 
Carbon disulfide 
Carbon monoxide 


Chlorine 

Flourine 

Hydrogen 
Hydrogen bromide 
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ZRA 


0.2751 
0.2721 
0.2640 
0.2650 
0.2680 
0.2797 


0.2757 
0.2779 
0.2896 
0.2637 
0.2646 


0.2010 
0.2156 
0.2286 
0.2466 
0.2313 
0.2473 


0.2593 
0.2622 


0.2713 
0.2689 
0.2653 
0.2671 
0.2728 


0.2620 
0.2643 
0.2688 
0.2683 
0.2713 


0.2720 
0.2611 
0.2615 
0.2677 
0.2658 


0.2665 
0.2704 
0.2747 
0.2561 
0.2589 
0.2525 


0.2466 
0.2933 
0.2729 
0.2850 
0.2898 


0.2781 
0.2886 
0.3218 
0.2855 


6A2.14 


yr 
(cu ft / lb-mole) 


3.596 
4.411 
2.976 
4.895 
2.622 
2,894 


3.941 
3.439 
3.306 
5.132 
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Liquid 
Inorganics 
Hydrogen chloride 
Hydrogen flouride 
Hydrogen sulfide 
Krypton 
Neon 
Nitric oxide 
Nitrogen 


Nitrogen dioxide 
Nitrous oxide 
Oxygen 


Phosgene 
Sulfur dioxide 
Sulfur trioxide 
Xenon 
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Ye 
(cu ft /lb-mole) 


1.343 
0.939 
1.592 
1.469 
0.681 


1.065 
1.444 
1.460 
1.570 
1.182 


1.929 
1.958 
1.818 
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PROCEDURE 6A2.15 
SATURATED LIQUID DENSITIES OF PURE COMPONENTS 


Discussion 


This method, using the COSTALD equation, and Procedure 6A2.13, using the modified 
Rackett equation, are both recommended methods for the calculation of the saturated 
densities of pure liquids. 

Equations (6A2.15-1) through (6A2.15-3) are applicable in the reduced temperature range 
from 0.25 to 1.0. 

1 


Sa V* VOL — wcrcV®) (6A2.15-1) 


VQ =1+a0-T)+b0-T)’+¢e0-T)+d—-T)”  (6A2.15-2) 
yo (e+ fT,+ 97? +hT?) 
Oven aos Eo Paar ee 


(T; — 1.00001) (6A2.15-3) 


Where: 
p; = saturated liquid density at temperature T, in pound-moles per cubic foot. 
V* = characteristic volume, in cubic feet per pound-mole (see Table 6A2.14). 
Wsrx = acentric factor optimized for vapor pressure data in the Soave-Redlich-Kwong 
equation of state (see Table 6A2.14). 
T, = reduced temperature, 7/T.. 
T = temperature, in degrees Rankine. 
T. = critical temperature, in degrees Rankine. 
= —1.52816 c = —0.81446 e = —0.296123 g 
= 1.43907 d= 0.190454 f= 0.386914 h 


a = —0.0427258 
b = —0.0480645 
Procedure 


Step 1: Obtain the critical temperature from Chapter 1. 

Step 2: Obtain V* and wsrx values from Table 6A2.14. If the compound is not listed in 
Table 6A2.14, the acentric factor w given in Chapter 2 may be used in place of wsgx, and the 
critical volume given in Chapter 1 may be used in place of V*. 


Step 3: Calculate the reduced temperature and then calculate the desired density using 


equations (6A2.15-1) through (6A2.15-3). 


6A2.15 
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COMMENTS ON PROCEDURE 6A2.15 


Purpose 


Equations are given for calculating the saturated liquid densities of pure liquids. This 
method has an accuracy comparable to the Rackett equation given in Procedure 6A2.13. 
Many hydrocarbons are also covered in Figures 6A2.1 through 6A2.12, which may be more 
convenient to use. 

Limitations 


The equation is applicable in the reduced temperature range between 0.25 and 1.0. When 
the values of wer, and V* are not available, the acentric factor and the critical volume may 
be used in their place. 

Reliability 

The average absolute deviations from experimental data with this method were 0.8 percent 
for hydrocarbons and 2.1 percent for nonhydrocarbons (32a). Somewhat larger errors are 
obtained if the acentric factor and the critical volume are used in place of wsrx and V*. 
Literature Source 


The COSTALD method was developed by Hankinson and Thomson, AIChE Journal, 25 
653 (1979). The values listed in Table 6A2.14 for were and V* have been taken from the 
above paper or from tabulated values obtained through personal communication with the 
authors. 

Example 


The density of saturated liquid propane at 30 F is desired. 
From Chapter 1, 


T. = 206.01 F 
molecular weight = 44.097 
From Table 6A2.14, wsrx = 0.1532, and V* = 3.205 cubic feet per pound-mole. 
T. = 206.01 + 459.7 = 665.7 R 


7 = 30:0 +. 459.7 
“665.7 


Using equations (6A2.15-2) and (6A2.15-3), 
VQ = 1+ (—1.52816)(1 — 0.736)'? + (1.43907)(1 — 0.736)" 
+ (—0.81446)(1 — 0.736) + (0.190454)(1 — 0.736)” 
= 0.4291 


7® = 20-296123 + (0.386914)(0.736) + (—0.0427258)(0.736)" + (—0.0480645)(0.736)° 
R (0.736 — 1.00001) 


= 0.736 


= 0.2033 
From equation (6A2.15-1), 


== (3.205)(0.4291)[1 — (0.1532)(0.2033)] 


= 1.3325 cubic feet per pound-mole 
p; = 0.7505 pound-mole per cubic foot 


1 
= 0.7505 x 62.43 x 44.097 


= 0.5301 gram per milliliter 
The experimental value (30a) is 0.5315 gram per milliliter. 
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COMMENTS ON FIGURE 6A2.16 


Purpose 


Specific gravity-temperature data are presented for pure liquid hydrocarbons at 1 atmo- 
sphere pressure. 


Limitations 


The nomograph is valid only for liquids within the temperature ranges specified for each 
hydrocarbon in Table 6A2.17. 


Reliability 


Within the specified temperature limits, the nomograph will reproduce the experimental 
data with less than 1 percent error. 


Literature Source 


The data used in constructing the nomograph were obtained from API Research Project 
44, Selected Values of Physical and Thermodynamic Properties of Hydrocarbons and Related 
Compounds , Thermodynamics Research Center, Texas A&M University, A&M Press, Col- 
lege Station, Texas (loose-leaf data sheets, extant 1971). 


Example 


Estimate the liquid density of n-butane at —100 F and 1 atmosphere. 

From Table 6A2.17, this temperature is determined to be within the valid range of the 
nomograph. The pivot point labeled n-butane is located on the nomograph. A straight line 
from —100 F on the temperature scale drawn through the pivot point intersects the specific 
gravity scale at 0.673. 

The experimental value (1a) is 0.674. 
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6A2.17 


TEMPERATURE RANGES FOR SPECIFIC GRAVITY OF LIQUID HYDROCARBONS 


AT ONE ATMOSPHERE (LOW TEMPERATURE) 


Hydrocarbon 


Paraffins 


Methane 

Ethane 

Propane 

n-Butane 

2-Methylpropane (isobutane) 


n-pentane 

2-Methyibutane (isopentane) 
2,2-Dimethylpropane (neopentane) 
n-Hexane 

n-Heptane 


3-Ethylpentane 
2,2-Dimethylpentane 

n-Octane 

2,2,4-Trimethylpentane (isooctane) 
n-Nonane 


Naphthene 
Methylcyclohexane 


Olefins 


Ethene (ethylene) 
Propene (propylene) 
1-Butene 

1-Pentene 

1-Hexene 
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Temperature Range 


(F) 


—292 to 
—202 to 
—166 to 
~-112 to 
—130 to 


—130 to 
—58 to 
+32 to 

—130 to 

—130 to 


— 166 to 
—112 to 
—58 to 
—148 to 
—58 to 


—184 to 


—256 to 
—292 to 
—166 to 
—130 to 

—76 to 


—274 
—130 


—58 

-4 
+14 
+32 
+50 
+50 
+32 
+32 


+32 
+32 
+32 
+32 
+32 


+32 


—166 
—58 
+14 
+32 
+32 
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6A2.19 
TABLE 6A2.19 
GRID COORDINATES AND TEMPERATURE RANGES FOR SPECIFIC GRAVITY 
OF LIQUID PARAFFINS AND OLEFINS AT ATMOSPHERIC PRESSURE 
Grid Coordinates for 
Temperature : 
Range So DHIBUTES ORE 18 
Hydrocarbon (F) Xx Y 
Paraffins 
n-Hexane 14 to 140 0.08 1.20 
2-Methylpentane 14 to 140 1.10 0.85 
3-Methylpentane 14 to 140 1.00 1.35 
2,2-Dimethylbutane 32 to 86 1.25 0.73 
2,3-Dimethylbutane 14 to 122 1.00 1.18 
n-Heptane 14 to 194 1.40 2.35 
2-Methylhexane 32 to 140 1.22 2.00 
3-Methylhexane 50 to 104 1.30 2.40 
3-Ethylpentane 14 to 194 1.13 2.88 
2,2-Dimethylpentane 14 to 158 1.25 1.80 
2,3-Dimethylpentane 32 to 122 1.30 2.80 
2,4-Dimethylpentane 32 to 122 1.15 1.75 
3,3-Dimethylpentane 32 to 122 1.25 2.70 
2,2,3-Trimethylbutane 14 to 122 1,13 1.75 
n-Octane 14 to 248 1.25 3.20 
2-Methylheptane 32 to 140 1.51 3.00 
3-Methylheptane 32 to 140 1.35 3.30 
4-Methylheptane 14 to 140 1.50 3.31 
3-Ethylhexane 32 to 140 1.40 3.68 
2,2-Dimethylhexane 32 to 122 1.43 2.84 
2,3-Dimethylhexane 32 to 122 1.35 3.58 
2,4-Dimethylhexane 32 to 122 1.20 3.00 
2,5-Dimethylhexane 14 to 212 1.33 2.73 
3,3-Dimethylhexane 32 to 122 1.42 3.55 
3,4-Dimethylhexane 32 to 140 1.10 3.85 
2-Methy1-3-ethylpentane 14 to 122 1.10 3.85 
3-Methyl-3-ethylpentane 32 to 122 1.31 4.40 
2,2,3-Trimethylpentane 32 to 122 1.45 3.81 
2,2,4-Trimethylpentane 14 to 194 1.30 2.65 
2,3,3-Trimethylpentane 32 to 122 1.51 4.33 
2,3,4-Trimethylpentane 32 to 122 1.45 3.95 
n-Nonane 14 to 248 1.45 3.90 
n-Decane 14 to 284 1.63 4.45 
4-n-Propylheptane 32 to 210 1.56 4.80 
n-Undecane 14 to 266 1.68 5.08 
2-Methyldecane 32 to 210 1.72 4.95 
n-Dodecane 32 to 284 1.78 5.54 
n-Tridecane 32 to 284 1.80 5.92 
5-n-Butylnonane 32 to 210 1.75 6.10 
n-Tetradecane 50 to 302 1.82 6.28 
7-Methyltridecane 32 to 210 1.90 6.32 
2,2,3,3,5,6,6-Heptamethylheptane 32 to 210 2.01 8.28 
n-Pentadecane 50 to 302 1.80 6.58 
n-Hexadecane 68 to 302 1.88 6.87 
2-Methylpentadecane 32 to 210 1.95 6.75 
1984 6-45 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 14332533 


6A2.19 


6-46 


API TDB CHAPTER*B ** HB O732290 0536615 bed 


Hydrocarbon 
Paraffins 


n-Heptadecane 
n-QOctadecane 
n-Nonadecane 
n-Eicosane 
n-Heneicosane 


n-Tricosane 
n-Tetracosane 
n-Hexacosane 
n-Triacontane 
n-Tetracontane 


Olefins 


1-Pentene 
1-Hexene 
1-Heptene 
1-Octene 
1-Nonene 


1-Decene 
1-Undecene 
1-Dodecene 
1-Tridecene 
1-Tetradecene 


1-Pentadecene 
1-Hexadecene 
1-Heptadecene 
1-Octadecene 
1-Nonadecene 
1-Eicosene 


TABLE 6A2.19 (Continued) 


Temperature 
Range 
(F) 


86 to 356 
86 to 248 
104 to 212 
104 to 338 
104 to 338 


32 to 210 
32 to 210 
32 to 210 
212 to 572 
302 to 572 


14to 50 
14 to 140 
32 to 194 
32 to 248 
32 to 248 


32 to 248 
32 to 248 
32 to 248 
32 to 248 
32 to 248 


32 to 104 
50 to 248 
68 to 248 
68 to 248 
86 to 248 
86 to 248 
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Grid Coordinates for 
Figure 6A2.18 


X Y 
1.90 7.10 
1.95 7.35 
2.05 7.55 
2.35 7.85 
2.23 7.98 
2.15 8.18 
2.17 8.33 
2.20 8.63 
2.30 8.98 
2.40 9.70 
0.71 0.31 
0.90 1.69 
1.13 2.83 
1.39 3.73 
1.58 4.50 
1.57 5.04 
1.60 5.51 
1.80 6.00 
1.80 6,37 
1.85 6.70 
1.88 6.98 
1.93 7.23 
1,90 7.42 
1.92 7.61 
1.97 7.80 
1.95 7.95 
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COMMENTS ON FIGURES 6A2.18 and 6A2.20 


Purpose 


Specific gravity-temperature data are presented for pure hydrocarbons at 1 atmosphere 
pressure. 


Limitations 


The nomograph is valid only within the temperature ranges specified for each compound 
in Tables 6A2.19 and 6A2.21. 


Reliability 


Within the specified temperature limits, the nomograph will reproduce the experimental 
data with less than 1 percent error. 


Literature Sources 


The data used in constructing the nomograph were obtained from API Research Project 
44, Selected Values of Physical and Thermodynamic Properties of Hydrocarbons and Related 
Compounds , Thermodynamics Research Center, Texas A&M University, A&M Press, Col- 
lege Station, Texas (loose-leaf data sheets, extant 1971). Data were also obtained from API 
Research Project 42, Properties of Hydrocarbons of High Molecular Weight Synthesized by 
Research Project 42 of the American Petroleum Institute, 1940-66, American Petroleum 
Institute, New York (1967). A small amount of data were taken from Egloff, Physical 
Constants of Hydrocarbons , Vols. I-IV, Reinhold Publishing Corp., New York (1939-53). 


Example 


Estimate the density of liquid benzene at 122 F and 1 atmosphere pressure. 

From Table 6A2.21, 122 F is determined to be within the temperature range for this 
compound on the nomograph. The X and Y grid coordinates of 0.82 and 4.29 are first located 
on the nomograph grid (Figure 6A2.20) to locate the pivot point for benzene. 

A straight line from 122 F on the temperature scale drawn through the pivot point inter- 
sects the specific gravity scale at 0.846. The experimental value is 0.8469. 
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6A2.21 
TABLE 6A2.21 
GRID COORDINATES AND TEMPERATURE RANGES FOR SPECIFIC GRAVITY 
OF LIQUID NAPHTHENES AND AROMATICS AT ATMOSPHERIC PRESSURE 
Grid Coordinates for 
Temperature : 
Range ee Se 2) 
Hydrocarbon (F) x Y 

Naphthenes 

Cyclopentane 14 to 104 2.65 1.55 
Methylcyclopentane 14 to 158 2.80 1.60 
Ethylcyclopentane 14 to 212 2.95 2.18 
n-Propylcyclopentane 14 to 230 3.13 2.50 
n-Butylcyclopentane 14 to 230 3.10 2.78 
n-Pentylcyclopentane 14 to 230 3.10 3.00 
n-Hexylcyclopentane 14 to 230 3.25 3.15 
n-Heptylcyclopentane 14 to 230 3.31 3.30 
n-Octyleyclopentane 14 to 230 3.28 3.44 
n-Nonylcyclopentane 14 to 230 3.27 3.50 
n-Decylcyclopentane 14 to 230 3.35 3.63 
n-Undecylcyclopentane 14 to 230 3.30 3.75 
n-Dodecylcyclopentane 32 to 230 3.43 3.77 
n-Tridecylcyclopentane 50 to 230 3.35 3.87 
n-Tetradecylcyclopentane 50 to 230 3.30 3.92 
n-Pentadecylcyclopentane 68 to 230 3.40 3.99 
n-Hexadecylcyclopentane 86 to 230 3.43 4.02 
Cyclohexane 50 to 176 2.86 2.60 
Methylcyclohexane 14 to 212 3.00 2.30 
Ethylcyclohexane 14 to 230 3.12 2.89 
n-Propylcyclohexane 14 to 230 3.18 3.05 
n-Butylcyclohexane 14 to 212 3.23 3.23 
n-Pentylcyclohexane 14 to 230 3.41 3.40 
n-Hexylcyclohexane 14 to 230 3.40 3.51 
n-Heptylcyclohexane 14 to 230 3.42 3.61 
n-Octylcyclohexane 14 to 230 3.50 3.70 
2-Cyclohexyloctane 32 to 210 2.05 3.10 
n-Nonylcyclohexane 68 to 230 3.42 3.80 
n-Decylcyclohexane 32 to 230 3.40 3.90 
n-Undecylcyclohexane 50 to 230 3.45 3.95, 
n-Dodecylcyclohexane 68 to 230 3.58 4.00 
n-Tridecyclohexane 68 to 230 3.43 4.08 
n-Tetradecyclohexane 86 to 230 3.46 4.11 
n-Pentadecyclohexane 86 to 230 3.44 4.17 
n-Hexadecyclohexane 104 to 230 3.38 4,22 
1-Cyclohexyleicosane 32 to 210 2.34 3.43 
cis -0,3,3-Bicyclooctane 32 to 150 1.57 4.31 
Spiro(4,5)decane 32 to 210 1.81 4.65 
Spiro(5,6)dodecane 32 to 210 2.01 5.50 
Bicyclopentyl 32 to 210 1.85 4.25 
Spiro(5,5)undecane 32 to 210 2.06 5.09 
Bicyclohexyl 68 to 210 2.12 5.00 
cis-Decahydronaphthalene 32 to 210 1.92 5.13 
trans -Decahydronaphthalene 32 to 210 1.88 4.42 
2-n-Butyldecahydronaphthalene 32 to 210 2.08 4.70 
2-Decyldecahydronaphthalene 32 to 210 2.26 4.53 

1984 6-49 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 143° 3'235.33 


API TDB CHAPTER*b ** MM 0732290 0536619 e?73 


6A2.21 
TABLE 6A2.21 (Continued) 
Grid Coordinates for 
aa a Figure 6A2.20 
ange fe 
Hydrocarbon (F) x Y 

Naphthenes 

1,2,3,4,5,6,7,8-Octahydroanthracene 32 to 210 2.20 9.30 
Perhydroanthracene 32 to 210 2.04 6.37 
Perhydrophenanthrene 32 to 210 2.20 6.80 
9-n-Dodecylperhydroanthracene 32 to 210 2.28 5.74 
2-n-Dodecylperhydrophenanthrene 68 to 210 2.60 5.70 
9-n -Dodecylperhydrophenanthrene 32 to 210 2.31 5.57 
Aromatics 

Benzene 50 to 176 0.82 4.29 
Methylbenzene (toluene) 14 to 230 1.37 4.11 
Ethylbenzene 14 to 230 1.41 4.18 
1,2-Dimethylbenzene (o-xylene) 14 to 494 1.50 4.60 
1,3-Dimethylbenzene (m-xylene) 14 to 158 1.50 4.11 
1,4-Dimethylbenzene (p-xylene) 68 to 158 1.54 4.04 
n-Propylbenzene 14 to 248 1.52 4.09 
Isopropylbenzene 14 to 194 1.54 4.09 
1-Methyl-2-ethylbenzene 50 to 104 1.71 4.70 
1-Methyl-3-ethylbenzene 50 to 104 1.60 4.20 
1-Methyl-4-ethylbenzene 32 to 176 1.64 4.09 
1,2,3-Trimethylbenzene 32 to 104 1.70 5.10 
1,2,4-Trimethylbenzene 32 to 158 1.61 4.52 
1,3,5-Trimethylbenzene 32 to 212 1.60 4.19 
n-Butylbenzene 14 to 210 1.68 4.08 
n-Pentylbenzene 14 to 356 2.80 4.05 
n-Hexylbenzene 14 to 356 1.84 4.06 
n-Heptylbenzene 14 to 356 1.89 4.05 
n-Octylbenzene 14 to 356 1.93 4.05 
n-Nonylbenzene 14 to 356 2.01 4.05 
n-Decylbenzene 14 to 356 2.03 4.05 
n-Undecylbenzene 14 to 356 2.07 4.05 
n-Dodecylbenzene 50 to 230 2.07 4.06 
n-Tridecylbenzene 40 to 356 2.10 4.07 
n-Tetradecylbenzene 68 to 356 2.10 4.07 
n-Pentadecylbenzene 86 to 356 2.10 4.07 
n-Hexadecylbenzene 86 to 356 2.11 4.08 
1,3-Di-n-decylbenzene 32 to 210 2.30 4.02 
1,4-Di-n-decylbenzene 32 to 210 2.31 4.02 
Diphenylmethane 100 to 210 1.77 8.45 
1,2-Diphenylethane 32 to 210 1.82 7.98 
1,1-Diphenylethane 32 to 210 1.81 8.27 
1,1-Diphenylheptane 32 to 210 2.01 6.91 
1,1-Diphenyltetradecane 68 to 210 2.24 6.08 
1,1-Dipheny]-1-heptene 32 to 210 1.95 7.27 
1,2-Diphenylbenzene 32 to 210 1.73 10.60 
1,3-Diphenylbenzene 32 to 210 1.69 11.10 
Naphthalene 140 to 392 1.69 9.00 
1-Methylnaphthalene 32 to 302 2.30 8.99 
2-Methylnaphthalene 32 to 210 1.79 8.49 
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TABLE 6A2.21 (Continued) 


Temperature 
Range 
Hydrocarbon (F) 

Aromatics 

1-Ethylnaphthalene 32 to 284 
2-Ethylnaphthalene 32 to 284 
1,2-Dimethylnaphthalene 32 to 284 
1,6-Dimethylnaphthalene 32 to 284 
1-n-Propylnaphthalene 32 to 284 
1-n-Butylnaphthalene 32 to 284 
2-n-Butylnaphthalene 32 to 210 
1-¢-Butylnaphthalene 32 to 210 
2-t-Butyinaphthalene 32 to 210 
1-n-Pentylnaphthalene 32 to 284 
1-n-Hexylnaphthalene 32 to 284 
1-7-Octylnaphthalene 32 to 284 
1-n-Nonylnaphthalene 32 to 176 
1-n-Decylnaphthalene 32 to 176 
2-n-Butyl-2-n -hexylnaphthalene 32 to 210 
9-n -Butyl-1-n -hexylnaphthalene 32 to 210 
1-n-Undecylnaphthalene 68 to 176 
1-n-Dodecylnaphthalene 68 to 176 
1-alpha-Naphthylpentadecane 32 to 210 
9-n-Butylanthracene 32 to 210 
9-n-Dodecylanthracene 32 to 210 
Phenanthrene 213 to 338 
4,5-Dimethylphenanthrene 32 to 210 
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6A2.21 
Grid Coordinates for 
Figure 6A2.20 
XxX Y 
2.08 8.72 
2.31 8.28 
2.11 9,07 
2.10 8.59 
2.18 8.25 
2.01 7,74 
1.96 7.37 
1.99 8.20 
1.92 7.43 
2.13 7.51 
2.10 7.20 
2.00 6.71 
2.13 6.59 
2.19 6.46 
2.05 6.41 
2.20 6.38 
2.09 6.29 
2.10 6.12 
2.27 5.98 
2.18 10.20 
2.29 7.91 
~2.25 ~12.22 
2.03 11.59 
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6A2.22 
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COMMENTS ON FIGURE 6A2.22 


Purpose 


The effect of temperature and pressure on the densities of pure liquid hydrocarbons and 
their defined mixtures is estimated from this figure. One input density is required. In using 
this figure for mixtures, follow Procedure 6A3.3 


Discussion 


The correlation is based on the relationship C,/p: = C2/p2 = constant, where p, and pz 
represent two densities and C, and C, represent the corresponding density correlation 
factors. 

Where this relation holds, any density may be expressed as a function of one known 
density: 


Cc. 
Po = Pig (6A2.22-1) 


Where p is the density in units of weight per volume. 


Reliability 


The average error in estimating the density of a pure hydrocarbon is 1 percent. However, 
errors up to 10 percent can be expected at reduced temperatures greater than 0.95. 


Notation 


C = an empirical density correlation factor (explained above). 
T, = reduced temperature, 7/T,. 

T = temperature, in degrees Rankine. 

T, = critical temperature, in degrees Rankine. 

Pp, = reduced pressure, p/p.. 

p = pressure, in pounds per square inch. 

Pp. = critical pressure, in pounds per square inch. 


Special Comment 


In Figure 6A2.22, the saturation line can be considered p,=0 for interpolation. An 
average error of 1 percent can be expected in this case. 


Literature Source 
Figure adapted from Lu, Chem. Eng. 66 [9] 137 (1959). 


Example 


Estimate the liquid density of n-nonane at 220 F and 1000 pounds per square inch absolute. 

From Chapter 1, T. = 610.7 F; p.=332 pounds per square inch absolute; poo = 44.94 
pounds per cubic foot. The reference condition, denoted by subscript 1, is 60 F and 1 
atmosphere. Therefore, 


60 + 459.7 200 + 459.7 


Ta = 610.7 + 459.7 ~ 9-486 T= G0. 7 ¥-459.7 ~ 9-635 
14.7 1000 
Puy = Hay = 0.0443 Pr = 337 = 3.01 
From Figure 6A2.22, C, = 1.077 and C2 = 0.998. Using equation (6A2.22-1), 


P2 = 44.94 oe = 41.64 pounds per cubic foot 


The experimental value (19a) is 41.11 pounds per cubic foot. 
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PROCEDURE 6A2.23 
ANALYTICAL METHOD FOR THE DENSITIES OF COMPRESSED PURE LIQUIDS 


Discussion 


The following equation is to be used to calculate densities of compressed pure liquids. It 
is applicable in the pressure range from the saturation pressure to 10,000 pounds per square 
inch absolute. 


1_1(,_¢,3t2 

ac (1 CingG a) (6A2.23-1) 

3 = -1+4(1-7,)%+6(1-T)%+d(1—-T,) +é0- 7)” (6A2.23-2) 
é = exp(f + € wsrx +h sex’) (6A2.23-3) 
C=] +k osex (6A2.23-4) 


Where: 
p = liquid density at temperature T and pressure p, in pound-moles per cubic foot. 
p, = saturated liquid density at temperature J, in pound-moles per cubic foot. 
Pp = pressure, in pounds per square inch absolute. 
Ps = Vapor pressure at temperature T, in pounds per square inch absolute. 
Pp. = critical pressure, in pounds per square inch absolute. 
T, = reduced temperature, 7/T,. 
T = temperature, in degrees Rankine. 
T, = critical temperature, in degrees Rankine. 
Wsrx = acentric factor optimized for vapor pressure data in the Soave-Redlich-Kwong 
equation of state (see Table 6A2.14). . 
—9.070217 d = —135.1102 & = 0.250047 J = 0.0861488 
62.45326 f= 4.79594 h = 1.14188 k = 0.0344483 


a 
b 
Procedure 


Step 1: Obtain the critical pressure and critical temperature from Chapter 1. 

Step 2: Obtain wsrx from Table 6A2.14. If the compound is not included in this table, the 
acentric factor from Chapter 2 may be substituted for wsrx. 

Step 3: Calculate the reduced temperature. 

Step 4: Obtain the saturated liquid density using experimental data, or calculate it using 
figures or procedures given in this chapter. 

Step 5: Obtain the saturation vapor pressure using experimental vapor pressure data, or 
calculate it using figures or procedures given in Chapter 5. 

Step 6: Substitute the saturated density, reduced temperature, vapor pressure, critical 
pressure, and wspx in equations (6A2.23-1) through (6A2.23-4) to obtain the liquid density 
at the desired temperature and pressure. 
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6A2.23 


COMMENTS ON PROCEDURE 6A2.23 


Purpose 

The procedure is presented as an alternate analytical method to calculate the effect of temperature 
and pressure on the densities of pure liquids. 
Limitations 

This equation was found to work well for reduced temperatures below 0.95. This method has 
proven satisfactory when tested against a few nonhydrocarbons. 
Reliability 

The average absolute deviations from experimental data were 1.2 percent for pure hydrocarbons 
and 2.1 percent for a set of 13 nonhydrocarbon liquids (32a). 
Literature Source 

The equation was developed by Thomson, Brobst, and Hankinson, AIChE Journal 28 671 (1982). 


Example 


Estimate the liquid density of n-octane at 212 F and 4410 pounds per square inch absolute. 
From Chapter 1, 
T, = 564.22 F 


P. = 360.6 pounds per square inch absolute 
molecular weight = 114.232 


From Table 6A2.14, Ogpx = 0.3962, and Zp, = 0.2569. 


_ T _ 2124+459.7 
‘ " T.  564.22+459.7 


ce 


= 0.656 


Using equation (6A2.13-1) the saturated liquid density is calculated: 


212 +459.7 i 


1 _ (10.731) (564.22 + 459.7) 
~ 564.22 + 459.7 


P, 360.6 


0.2569 exp f + ( 1 


2.8742 cubic feet per pound-mole 


From Chapter 2, the acentric factor @ = 0.3962. 
Using the procedure given in Chapter 5, the saturation vapor pressure is calculated: 


In p* = (-2.8112) + (0.3962) (-2.95) 


Ps 
— =0.01869 


Pf 
c 
Ps, = 6.74 pounds per square inch absolute 
Substituting into equations (6A2.23-2) through (6A2.23-4) gives 
C = 0.086148 + (0.034483) (0.3998) = 0.099934 
& = exp[4.79594 + 0.250047(0.3998) + 1.14188(0.3998)7] = 160.5 


B = 360.6[-1- 9.070217(0.344)'8 + 62.45326(0.344)2 -135.1102(0.344) + 160.5(0.344)"3] 
= 5594.5 pounds per square inch absolute 


5 = 2.8742] 1-— 0.099934 In 


(5594.5 +4410) 7] 
(5594.5 + 6.74) 


= 2.708 cubic feet per pound-mole 
p = 0.3693 pound-mole per cubic foot 


1 
0.3693 x 62.43 * 114.232 


0.6758 gram per milliliter 
The experimental value (41a) is 0.6769 gram per milliliter. 
6-56 1992 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'235.33 


1992 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API TDB CHAPTER*b ** MM 0732290 OS3bb25 577 


PROCEDURE 6A3.1 
DENSITIES OF DEFINED LIQUID MIXTURES AT THEIR BUBBLE POINTS 


Discussion 


This procedure, using the modified Rackett equation, and Procedure 6A3.2, using the COSTALD 
method, are both recommended methods for the calculation of the densities of defined liquid mixtures 
at their bubble points. 

Equation (6A3.1-1) is applicable up to a reduced temperature of 0.95. 


nT, 72/7 
Mis tes pot |ghbe dps (6A3.1-1) 
x % Za 
Pop i= Po, 
nh 
(6A3.1-2) 
ZRAm » % Zea, 
i=] 
T, = T/Tae (6A3.1-3) 
n n 
(6A3.1-4) 
ix => ¥ $,/T,, 
peje 
XM, 
$, = — (6A3.1-5) 
zat 
42 
: _ (6A3.1-6) 
ij = af hy AK) 
= 
fypt73y 173 
V. Vv 
G  & (6A3.1-7) 
ky = 10- V3, V3 
(Vv. +VC y/2 
i j 4 


Where: 
Pop = liquid density at the bubble point, in pound-moles per cubic foot. 


R = gas constant, 10.731 (pounds per square inch absolute) (cubic feet) per (pound-mole) 
(degree Rankine). 


x; = mole fraction of component i. 

T,. = critical temperature of component i, in degrees Rankine. 

P,, = critical pressure of component i, in pounds per square inch. 
¥.. = critical volume of component i, in cubic feet per pound-mole. 


ZRa, = an empirically derived constant for component i (see Table 6A2.14). 


T = temperature, in degrees Rankine. 


Procedure 


Step 1: Obtain the critical temperatures, critical pressures, critical volumes, and molecular weights 
from Chapter 1. For each component of the defined mixture obtain Zp, from Table 6A2.14. If Zp, 


is not available, calculate a value from equation (6A2.13-1) using any experimental density value 
available for component i. If no such data are available, the Z,, value in Chapter 2 may be used as an 


estimate for Zpa, . 
Step 2: Compute the molar average Zea using equation (6A3.1-2), 


Step 3: The mixture correspondence temperature, Z,,, is computed using equations (6A3.1-4) 


through (6A3.1-7). For desk calculation purposes, a molar average critical temperature may be used. 
Step 4: Compute the reduced temperature. 
Step 5: Compute the bubble point density from equation (6A3.1-1). 
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COMMENTS ON PROCEDURE 6A3.1 


Purpose 


Procedure 6A3.1 is to be used to predict the density of a liquid mixture at its bubble point. This 
procedure has an accuracy comparable to the COSTALD method given in Procedure 6A3.2. 


Special Comments 


This procedure may be used to predict the density of defined mixtures containing inorganic gases 
such as hydrogen, hydrogen sulfide, carbon dioxide, and nitrogen. Values of Zp, for inorganics are 


given in Table 6A2.14. 


Limitations 
The procedure should not be applied at reduced temperatures greater than 0.95. 


The procedure should not be used for mixtures containing more than 0.5 mole fraction carbon 
dioxide or nitrogen, or for mixtures containing more than 0.45 mole fraction hydrogen. 


Reliability 


This method has been evaluated only with binary data. Errors in the calculated densities are about 
2.5 percent using this method. Errors may be as high as 20 percent as the critical temperature is 
reached. For mixtures containing inorganics, the error is about 4 percent. As the critical region is 
approached, errors as high as 30 percent can be obtained. For mixtures containing more than 50 mole 
percent carbon dioxide or hydrogen, errors in the range of 15 to 30 percent should be expected. For 
systems with more than two components, no estimate of the errors is available. 

If the molar average pseudocritical temperature is used for desk calculation purposes, an average 
error of 7 percent should be expected. 


Literature Source 
The equation was developed by Spencer and Danner, J. Chem. Eng. Data 18 230 (1973). 


Example 


Estimate the bubble point density of an ethane-n-heptane mixture at 91 F. The mixture contains 
58.71 percent ethane. 
Chapter 1 gives the following data for the two components: 


Property Ethane n-Heptane 
Critical temperature, F 89.92 $12.70 
Critical pressure, psia 706.50 396.8 
Critical volume, cu ft per Ib 0.0788 0.0691 
Molecular weight 30.070 100.205 


From Table 6A2.14, Zpa, (ethane) = 0.2819, and Zp A, (w-heptane) = 0.2610. 


tT. 89.92 + 459.7 = 549.62 R 
q, 512.70 + 459.7 = 972.4 R 
ZA, = (0.5871) (0.2819) + (0.4129) (0.2610) = 0.2733 


a 


By equation (6A3.1-5), 
. (0.5871) (0.0788) (30.070) 
Mie [ (0.5871) (0.0788) (30.070) + (0.4129) (0.0691) (100.205) ] 
= 0.3273 
$2 = 1-6, (for binary systems) 
= 1-0.3273 
= 0.6727 
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Using equation (6A3.1-7) and critical volume per mole, 


3 


al (2.37) '73 (6.92) 13 
kyg = hq, = 1 - 5 = 0.0465 
[ (2.37) $734 (6.92) 17472 
ky = ky =0 
From equation (6A3. 1-6), 
Z,, = 549.62 
T... = 972.4R 
22 


Tey = Te, = J (549.62) (972.4) (1 — 0.0465) = 697.1 R 
Using equation (6A3.1-4), the mixture correspondence temperature is calculated. 
Inc = (0.3273)? (549.62) + (0.6727)* (972.4) + (2.0) (0.3273) (0.6727) (697.2) 
= 806R 
The reduced temperature of the mixture is 


T= 91+ 459.7 
r ~~ 806 
The bubble point density is now calculated from equation (6A3.1-1). 


1 (0.5871) (549.62) (0.4129) (972.4) |cozm ie Meee 


— = (10.73 
p ee). 706.50 ss 396.8 


bp 


= 0.6833 


= 1.6914 cubic feet per pound-mole 
p = 0.5912 pound-moles per cubic foot 
p 


= (0.5912) ( — }tose7 (30.070) + (0.4129) (100.205) ] 


= 0.5600 gram per milliliter 
The experimental value (66a) is 0.5720 gram per milliliter. 
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6A3.2 
PROCEDURE 6A3.2 
DENSITIES OF DEFINED LIQUID MIXTURES AT THEIR BUBBLE POINTS 
Discussion 
This procedure, using the COSTALD method, and Procedure 6A3.1, using the modified 
Rackett equation, are both recommended methods for calculating the density of defined 
liquid mixtures at their bubble points. 
The following equations are applicable up to a reduced temperature of 0.95. 
oo = VEVO(L — wsnxgV2) (6A3.2-1) 
Pp 
Vi = a] 8 x,Vi + (3 x,V* ») (3 xVe “)| (6A3.2-2) 
=1 =1 =1 
WSRKm = 2) Xi WRK, (6A3.2-3) 
2=1 
aE 
T,= T.. (6A3.2-4) 
Tinc = (5 > x, x,V5 Iu) is (6A3.2-5) 
t= 1)=1 
VET, = (VIT{V#T.)" (6A3.2-6) 
V©@=1+a0—-T)? + b0-T)? +e -T)+d-T) — (6A3.2-7) 
@ _@ +fT. +87; +hT,) : 
Va (T, = 1.00001) KOe8) 
Where: 
Pop = liquid density at the bubble point, in pound-moles per cubic foot. 
srk, = acentric factor of component i optimized for vapor pressure data in the Soave- 
Redlich-Kwong equation of state (see Table 6A2.14). 
x, = mole fraction of component i. 
* = characteristic volume, in cubic feet per pound-mole (see Table 6A2.14). 
T = temperature, in degrees Rankine. 
T., = critical temperature of component /, in degrees Rankine. 
a = —1.52816 c = —0.81446 e = —0,296123 g = —0.0427258 
b= 1.43907 d= 0.190454 f= 0.386914 h = —0.0480645 
Procedure 
Step 1: Obtain critical temperature from Chapter 1 and V* and wsrx from Table 6A2.14. 
If any component of the defined mixture is not listed in Table 6A2.14, use its critical volume 
from Chapter 1 for V* and the acentric factor from Chapter 2 for wsrx. 
Step 2: Compute the molar average characteristic volume, Vi, using equation (6A3.2-2) 
and w, using equation (6A3.2-3). 
Step 3: Calculate the mixture correspondence temperature of the mixture using the mixing 
tules given by equations (6A3.2-5) and (6A3.2-6). 
Step 4: Compute the reduced temperature and substitute it into equations (6A3.2-7) and 
(6A3.2-8) to obtain V& and V&. 
Step 5: Compute the bubble point density from equation (6A3.2-1). 
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6A3.2 
COMMENTS ON PROCEDURE 6A3.2 
Purpose 
Procedure 6A3.2 is to be used to predict the density of a liquid mixture at the bubble point. This 
procedure has an accuracy comparable to the modified Rackett method given in Procedure 6A3.1. 
Special Comments 
This procedure may be used to predict density of defined mixtures containing inorganics. Values 
of Wspx and V* for inorganics are included in Table 6A2.14. 
Limitations 
The procedure should not be applied at reduced temperatures greater than 0.95. The procedure has 
a higher average error for mixtures containing hydrogen or carbon dioxide. 
Reliability 
This method has been evaluated only with binary data where the average error was about 2.4 
percent. Higher errors are reported as the critical region is approached. For mixtures containing 
inorganics, an average error of 4 percent is reported (32a). For systems with more than two com- 
ponents, no estimate of the errors is available. 
Literature Source 
This equation was developed by Hankinson and Thomson, AIChE Journal 25 653 (1979). 
Example 
Estimate the bubble point density of a methane-n-decane mixture at 160 F. The mixture contains 
20 mole percent methane. 
From Chapter 1, the molecular weights of the components are 16.04 for methane and 142.28 for 
n-decane, and the critical temperatures are -116.67 F for methane and 652.00 F for n-decane. 
From Table 6A2.14, V;*, in cubic feet per pound-mole, is 1.592 for methane and 9.919 for 
n-decane, and srk; is 0.0074 for methane and 0.4916 for n-decane. 
Compute the molar average characteristic volume using equation (6A3.2-2). 
Vin = (1/4) {(0.2) (1.592) + (0.8) (9.919) + 3[ (0.2) (1.592) + (0.8) (9.919)73] 
x [(0.2) (1.592)!7 + (0.8) (9.919)!] } 
= (1/4) (8.254 + 3[0.2727 + 3.6932] [0.2335 + 1.7189]} 
= 7.871 cubic feet per pound-mole 
Compute Osrk using equation (6A3.2-3). 
®sRK,, = (0.2) (0.0074) + (0.8) (0.4916) 
= 0.3948 
Calculate T,,, using equations (6A3.2-5) and (6A3.2-6). 
T., = —116.67 + 459.7 = 343.11 R 
fT. = 652.00+ 459.7 =1,11.7R 
2 
Vote, = ViZ,, (0.592) (343.11) (9.919) (1,111.7) }!? 
= 2454.2 (cubic feet) (degrees Rankine) per (pound-mole) 
Teel (0.2)? (1.592) (343.11) + (2) (0.2) (0.8) (2454.2) 
+ (0.8)? (9.919) (1,111.8) 1/7.871 
= 999.2R 
Compute the reduced temperature from equation (6A3.2-4). 
T, = (160 + 459.7)/999.2 = 0.620 
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6A3.2 
Calculate V© and V& using equations (6A3.2-7) and (6A3.2-8). 
V© = 1 — 1.52816(1 — 0.620)'? + 1.43907(1 — 0.620)? 
— 0.81446(1 — 0.620) + 0.190454(1 — 0.620)*" 
= 0.391 
V@=— 0.296123 + (0.386914)(0.620) — (0.0427258)(0.620)* — (0.0480645)(0.620)° 
(0.620 — 1.00001) 
= 0.221 
Calculate the bubble point density using equation (6A3.2-1). 
= = (7.871)(0.391)[1 — (0.3948)(0.221)] 
bp 
= 2.809 cubic feet per pound-mole 
Pop = 9.3560 pound-mole per cubic foot 
1 
= 0.3560( <4, )[(0.2)(16.043) + (0.8)(142.286)] 
= 0.667 gram per milliliter 
The experimental value (120a) is 0.670 gram per milliliter. 
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PROCEDURE 6A3.3 


LIQUID DENSITIES OF COMPRESSED 
HYDROCARBON MIXTURES OF DEFINED COMPOSITION 


Discussion 


The correlation is based on the relationship C,/p, = C2/p2 = constant, where p, and p2 
represent two densities of the mixture and C, and C, represent the corresponding density 
correlation factors. These factors are obtained from Figure 6A2.22. 

Where this relation holds, any density, p2, may be expressed as a function of one known 
density, pi, as shown in equation (6A2.22-1). 


Procedure 


Step 1: From Chapter 1, obtain the critical temperature, T., and the critical pressure, p., 
for each compound in the mixture. If a reference density for the mixture is not known, obtain 
the density at 60 F and 1 atmosphere for each component also from Chapter 1. 

Step 2: Calculate the pseudocritical (molar average) temperature and pressure for the 
mixture. Compute the pseudoreduced temperature and pressure for the known reference 
point, if available, and for the desired conditions. If individual compound reference points 
are being used, compute the average density for the mixture at 60 F and 1 atmosphere using 
equation (6A3.3-1) or equation (6A3.3-2). 

In terms of mole fractions, 


xm, 


Pr ~ aM, (6A3.3-1) 


—— 
° 
1 Pp; 


In terms of weight fractions, 


(6A3.3-2) 


Where: 
p, = reference density of the mixture, in units of weight per volume. 
p; = density of pure component i at 60 F and 1 atmosphere except for lighter hydrocarbons 
(see note), in units of weight per volume. 

n = number of components in the mixture. 

x, = mole fraction of component i. 

M, = molecular weight of component /. 

Xw, = weight fraction of component i. 


NOTE: For mixtures containing the lighter hydrocarbons, such as n-butane and those of lower 
molecular weight, a slightly different procedure is required. Since these hydrocarbons exist 
as gases at 60 F and 1 atmosphere, Chapter 1 lists the liquid density at 60 F and the 
equilibrium vapor pressure. Each reference density must, therefore, be converted to the 
same pressure (the vapor pressure of the lightest component) before computing the average 
density of the mixture. For methane mixtures, use Procedure 6A3.1 to calculate a reference 
density for the mixture. If the vapor pressure is not available, use the Procedures in Chapter 
5 to approximate a vapor pressure for the mixture. (This value serves as the reference 
pressure.) For ethane and ethene a reference point of —30 F at saturated conditions has been 
selected. The following properties are valid for ethane and ethene at these conditions: 


Density 


(Pounds per Square Gram per Pounds per 
Component Inch Absolute) Milliliter Cubic Foot 


Ethane 135 0.4741 29.60 
Ethene (ethylene) 240 0.4510 28.16 


Vapor Pressure 


Examples B and C in the comments on this procedure deal with mixtures containing light 
hydrocarbons when reference densities for the mixtures are not available. 

Step 3: In Figure 6A2.22, locate the values of C, at the reduced conditions of the reference 
point and C, at the reduced conditions of the desired density. 

Step 4: Compute the unknown density, p2, from equation (6A2.22-1). 
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6A3.3 


COMMENTS ON PROCEDURE 6A3.3 


Purpose 


The procedure is given for estimating the liquid densities of defined hydrocarbon mixtures. For 
pure compounds, see Figure 6A2.22. 


Limitations 


Pseudocritical pressures and temperatures of a mixture are used in the correlation. However, near 
the critical point this may lead to large errors; it is desirable to use the actual critical values in this 
area, if available. Also, for methane systems, the pseudocritical values differ greatly from the actual 
critical values, and rather high errors may result for these systems. 

The recommended volumetric average technique for computing the reference density does not take 
into account the excess volume of mixing. This procedure, if used instead of an experimental 
reference density, can result in larger errors in the computed density. 


Reliability 


Using a volumetric average density for a reference condition, an average error of slightly more than 
2 percent can be expected. As the reduced temperature approaches 0.95, errors approaching 15 
percent may occur. 


Literature Source 
Figure 6A2.22 is adapted from Lu, Chem. Eng. 66 [9] 137 (1959). 


Examples 


A. Estimate the liquid density of a mixture containing 60.52 mole percent ethylene and 39.48 mole 
percent n-heptane at 900 pounds per square inch absolute and 162.7 F. For this mixture, the density 
at 49 F and 400 pounds per square inch absolute is known to be 37.55 pounds per cubic foot. 

From Chapter 1, 
T, (ethylene) = 48.58 


p, (ethylene) = 729.8 
YT. (n-heptane) = 512.70 
DP, (n-heptane) = 396.8 


Where: 
I, = critical temperature, in degrees Fahrenheit. 
P. = critical pressure, in pounds per square inch absolute. 


The pseudocritical properties are calculated as follows: 


Tpe = (0.6052) (48.58) + (0.3948) (512.70) = 231.81 F 
Ppc = (0.6052) (729.8) = (0.3948) (396.8) = 598.33 pounds per square inch absolute 


Where: 


T, 


po’ Ppg = Pseudocritical properties of the mixture, defined as the sum of the products of cach 


individual 7, or p, and the corresponding mole fraction. 


Then 
49 + 459.7 162.7 + 459.7 


7. = x1are4so7 = 736 T, = 331814459.7 ~ 9900 


400 900 
Ba 50g 33 Pry = 


Where: 


T, = reduced temperature, 7/7... 

T = temperature, in degrees Rankine. 

p, = reduced pressure, p/p,. 

p = pressure, in pounds per square inch absolute. 
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From Figure 6A2.22, C, = 0.900 and C, = 0.756, and using equation (6A2.22-1), 


P2 = 37.55 pe = 31.54 pounds per cubic foot 


The experimental value is 32.15 pounds per cubic foot. 


B. Estimate the liquid density of a mixture containing 20 mole percent ethane and 80 mole 


percent n-decane at 160 F and 3000 pounds per square inch absolute. No known density for 
the mixture is available. 


Chapter 1 gives the following data for the two components: 


Property Ethane n-Decane 


Critical temperature, F 90.09 652.1 
Critical pressure, psia 707.8 304 

Density at 60 F, Ib per cu ft = 
Molecular weight 30.07 142.3 


Use values of saturated ethane liquid density and vapor pressure at —30 F as listed in the 
note under Step 2 of this procedure. 


The density of n-decane must be corrected to the same vapor pressure and temperature 
as ethane. 


— 60 + 459.7 _ _ ~304+ 459.7 _ 
T= e501 4 450.7 9-467 Ta Gear asg.7 ~ 9-386 


14.7 _ 135 _ 
Pu = 304 = 0,048 Pr 304 = 0-44 


From Figure 6A2.22, C, = 1.092 and C2 = 1.142. By equation (6A2.22-1), the calculated 
density of n-decane at —30 F and 135 pounds per square inch absolute is 


p = 45.72 F055 = 47.81 pounds per cubic foot 


The density of the mixture at -30 F and 135 pounds per square inch absolute is computed 
using equation (6A3.3-1). 
(0.2)(30.07) + (0.8)(142.3) | 119.9 ; 
a= = 5S = 46.40 pounds per cubic foot 
0.280.07) < 0.9002.) 2.584 


Finally, estimate the desired mixture density. The pseudocritical conditions are 
Toe = (0.2)(90.09) + (0.8)(652.1) = 539.7 F 
Ppo = (0.2)(707.8) + (0.8)(304) = 384.76 pounds per square inch absolute 
and the pseudoreduced conditions are 


_ 459.7 + (30) _ _ 459.7+160 _ 
Ta = 950.7 + 550.7 9-430 Ta = 9977 + 539.7 — 9-070 


135 0.350 3000 


Pn = 394-76 ~ P= 3g4-76 — 7-80 


From Figure 6A2.22, C; = 1.115 and C, = 1.028, and by equation (6A2.22-1), 


p2= 46.404-028 = 42.78 pounds per cubic foot 


The literature value is 43.07 pounds per cubic foot. 

For mixtures containing light components other than ethane, ethene, or methane, a similar 
procedure is followed. However, the densities of the heavier components are corrected to the 
vapor pressure of the light component at 60 F. 


C. Estimate the liquid density of a mixture containing 20 mole percent methane and 80 
mole percent n-decane at 160 F and 3000 pounds per square inch absolute. The vapor 
pressure of the mixture is 795 pounds per square inch absolute. No known density for the 
mixture is available. 
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6A3.3 
Chapter 1 gives the following data for the components: 
Property Methane n-Decane 
Critical temperature, F — 116.63 652.1 
Critical pressure, psia 667.8 304 
Molecular weight 16.043 142.3 
The calculation of the bubble point volume of the mixture at 160 F and 795 pounds per 
square inch absolute is shown in the example in Procedure 6A3.2 to be 2.809 cubic feet per 
pound-mole. 
The average molecular weight of the mixture is 
MW,, = (0.2)(16.043) + (0.8)(142.3) = 3.21 + 113.8 
= 117.0 pounds per pound-mole 
The density can then be expressed as 
P1 = Pop = a0 x ute = 41.65 pounds per cubic foot 
The pseudocritical and pseudoreduced conditions are 
Tye = (0.2)(— 116.63) + (0.8)(652.1) = 498.4 F 
Poe = (0.2)(667.8) + (0.8)(304) = 376.8 pounds per square inch absolute 
— 459.7+ 160 _ 
Ty = 959.7 + 408.4 — 9-647 
Tz = T, = 0.647 
795 
Pu = 376 g = 2-1 
3000 
Pr = 376.8 — 1-96 
From Figure 6A2.22, C, = 0.983 and C, = 1.014, and by equation (6A2.22-1), 
p2 = 41.65 ios = 42.96 pounds per cubic foot 
The literature value is 43.23 pounds per cubic foot. 
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6A3.4 
PROCEDURE 6A3.4 
COMPUTER METHOD FOR THE LIQUID DENSITIES OF 
COMPRESSED HYDROCARBON MIXTURES OF DEFINED COMPOSITION 
Discussion 
The Tait-COSTALD equation, (6A2.23-1), may be used to calculate liquid densities of 
compressed hydrocarbon mixtures. A set of mixing rules is used to define the mixture 
properties. 
1. (1)( = Piz) : 
a MPa 1-Cln B+ Des (6A3.4-1) 
2 =-1+4(1-T)"+60-7)"%+da-T)+éa-7T)” (6A3.4-2) 
é =exp(f + Zwsrx,, + A@srx,) (6A3.4-3) 
C=] + kwsrim (6A3.4-4) 
T, = 70 (6A3.4-5) 
Tne = B > xx,VE TV (6A3.4-6) 
t=1;=1 
Vi T., = (Vi TV} T.)"* (6A3.4-7) 
Va= aus] 5 x,VF + ap xVe ~) (3 xVi “| (6A3.4-8) 
2=1 1 m1 
OSRKm = Dy Te WSRK, (6A3.4-9) 
wi 
Dime = (Zme R Tme)/Vin (6A3.4-10) 
Zme = 0.291 — 0.080 wsrk, (6A3.4-11) 
10g (Pop/Pme) = Pim + OSRKm Pm (6A3.4-12) 
p&. = 5.8031817 log T, + 0.07608141 « (6A3.4-13) 
p& = 4.86601 B (6A3.4-14) 
a = 35.0 — (36.0/T,) — 96.736 log T,+ TP (6A3.4-15) 
B = log T, + 0.03721754a (6A3.4-16) 
Where: 
Pm = density of liquid mixture at temperature T and pressure p, in pound-moles per “ 
cubic foot. 
Pvp = bubble point density of liquid mixture at temperature T, in pound-moles per cubic 
foot. 
p = pressure, in pounds per square inch. 
Pvp = bubble point pressure of mixture at temperature T, in pounds per square inch. 
T = temperature, in degrees Rankine. 
x; = mole fraction of component 7. 
;* = characteristic volume of component i, in cubic feet per pound-mole (see Table 
6A2.14). 
T., = critical temperature of component 7, in degrees Rankine, 
Wsrx, = acentric factor for component i optimized for vapor pressure data in the Soave- 
Redlich-Kwong equation of state (see Table 6A2.14). 
R = gas constant, 10.731 (pounds per square inch absolute) (cubic feet) per (pound- 
mole)(degree Rankine). : 
a= —9.070217 d = —135.1102 & = 0.250047 [ = 0.0861488 
b=  62.45326 f= 4.79594 hk = 1.14188 k =0.0344483 
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Procedure 
Step 7: Obtain the critical temperature from Chapter | and V,* and @spx; for each component from 


Table 6A2.14. If any compound is not listed in Table 6A2.14, use its critical volume from Chapter 1 
for V;* and the acentric factor from Chapter 2 for OsrK,;- 


Step 2: Calculate the mixture properties using equations (6A3.4-6) through (6A3.4-9). The satura- 
tion vapor pressure is obtained using equations (6A3.4-10) through (6A3,4-16). 

Step 3: Calculate the bubble point density of the mixture using either Procedure 6A3.1 or 6A3.2. 

Step 4: Substitute the values calculated in Steps 1, 2, and 3 in equations (6A3.4-1) through 
(6A3.4-4) to obtain the liquid density of the mixture at the desired temperature and pressure. 


COMMENTS ON PROCEDURE 6A3.4 


Purpose 

The procedure is an alternate computer method to estimate compressed liquid densities of defined 
hydrocarbon mixtures. 
Limitations 

This equation is applicable in the reduced temperature range below 0.95. The method has been 
found to give erroneous corrections when used with organic (polar) mixtures. In these cases, it is 
recommended that the saturated density be used rather than correcting it with equation (6A3.4-1). 
Reliability 

The average error in estimating the density of defined hydrocarbon mixtures is reported at 
1 percent. Unsatisfactory results were obtained for nonhydrocarbon (polar) mixtures (32a). 
Literature Source 

The equation was developed by Thomson, Brobst, and Hankinson, AIChE Journal 28 671 (1982). 


Example 


Estimate the liquid density of a mixture containing 20 mole percent ethane and 80 mole percent 
n-decane at 160 F and 3000 pounds per square inch absolute. 
Chapter | gives the following data for the components: 


Property Ethane n-Decane 


Molecular weight 30.07 142.286 
Critical temperature, F 89.92 652.00 
Critical pressure, psia 706.80 305.20 


From Table 6A2.14, OsrK; is 0.0983 for ethane and 0.4916 for n-decane, and V;*, in cubic feet per 
pound-mole, is 2.335 for ethane and 9.919 for n-decane. 
T, = 89.92 + 459.7 = 549.62 R 


qt, = 652.00 + 459.7 = 1,111.7R 


Calculate the mixture properties using equations (6A3.4-6) through (6A3.4-9). From equation 
(6A3.4-8), 


Vax = (1/4) ((0.2) (2.335) + (0.8) (9.919) + 3[ (0.2) (2.335)2 + (0.8) (9.919)? ] 
x [ (0.2) (2.335) + (0.8) (9.919)!4 ]} 


= (1/4) {8.402 + 3[0.3520 + 3.6932] [0.2653 + 1.7189]} 
= 8.1204 cubic feet per pound-mole 
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Using equations (6A3.4-7) and (6A3.4-6), 


Vio Zi, = Vn, = [ (2.335) (549.62) (9.919) (1111.7)])2 


= 3761.9 (cubic feet) (degrees Rankine) per (lb-mole) 
[ (0.2) (2.335) (549.62) + 2(0.2) (0.8) (3761.9) 


+ (0.8)? (9.919) (1111.7) (8.1204) 
1023.8 R 


and from equation (6A3.4-9), 
ORK = (0.2) (0.0983) + (0.8) (0.4916) = 0.4129 


Tac 


Determine the bubble point pressure using equations (6A3.4-10) through (6A3.4-16). 
Zme = 0.291 — (0.080) (0.4129) = 0.258 
Pme = (0.258) (10.731) (1023.6)(8.1204) 


= 349.0 pounds per square inch absolute 
T, = (160 + 459.7)/(1023.6) = 0.6054 


a = 35.0 — (36.0/0.6054) — 96.73 log (0.6054) + (0.6054)® 
= -3.4297 
B = log (0.6054) + 0.372154 (-3.4297) 
= —.3457 
Pon = (5.8031817) log (0.6054) + (0.70608141) (3.4297) 
= -1.5258 
p= (4.86601) (-0.3457) 
m 
= -1,6822 


P, 
log ( bp = -1.5258 + (0.4129) (1.6822) 


= -2.2204 
Pie 2.171 pounds per square inch absolute 


The bubble point density is calculated using Procedure 6A3.2. 


VO = 1- 1.52816 (1 — 0.6054)! + 1.43907 (1 - 0.6054)" 
-0.81446 (1 — 0.6054) + 0.190454 (1 — 0.6054) 
= 0.3871 


ve = (—0.296123) + (0.386914) (0.6054) — (0.0427258) (0.6054) — (0.0480645) (0.6054)? 
(0.6054 — 1.00001) 


= 0.2235 


eke = (8.1204) (0.3870) [1 — (0.4129) (0.2235)] 


bp 
= 2.8532 cubic feet per pound-mole 


Calculate the liquid density at 160 F and 3000 pounds per square inch absolute using equations 
(6A3.4-1) through (6A3.4-4). 


C = 0.086148 + 0.034483 (0.4129) 


= 0.1004 
% = exp [4.79594 + (0.250047) (0.4129) + (1.14188) (0.4129)? 
= 163.02 
a = —1 — (9.070217) (1 — 0.6053) + (62.45326) (1 — 0.6053) 


— (135.1102) (1 — 0.6053) + (163.02) (1 — 0.6053)" 
19.822 
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B = (19.822)(349.0) = 6917.9 pounds per square inch absolute 


(6917.9 + =it0'0)) 
(6917.9 + 2.171) 


= 2.749 cubic feet per pound-mole 


= = (2.8525)|1 — (0.1004) In 


Pm = 0.3638 pound-mole per cubic foot 
= (0.3637)(gyps)[(0.2)(30.07) + (0.8)(142.286)] 


= 0.6982 gram per milliliter 
The literature value is 0.6925 gram per milliliter. 
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6A3.5 


COMMENTS ON FIGURE 6A3.5 


Purpose 


This figure provides a graphical method of obtaining the density of liquid petroleum fractions at 
their saturation pressures or at pressures not far above 1 atmosphere. For high pressures, a pressure 
correction should be applied as given in Procedures 6A3.7 and 6A3.10. 


Limitations 


Two of three characterizing parameters (the API gravity at 60 F, the mean average boiling point, 
and the Watson K factor) must be known or calculated from known data to use this figure. The mean 
average boiling point and K can be obtained from procedures in Chapter 2 if the API gravity and 
average molecular weight of the fraction are known. 

The characterization factor is also given by the following equation: 


_ (MeABP) °°) 


Sp ee 6A3.5-1 

sp gr, 60 F/60 F ¢ ) 
Where: 

MeABP = mean average boiling point, in degrees Rankine. 

sp gr = specific gravity. 

Reliability 

Errors in the calculated densities are about 0.3 percent at 1 atmosphere. This amounts to about 
0.0024 grams per milliliter. 
Special Comment 

The following can be used instead of Figure 6A3.5: 


T = Temperature, in degrees Rankine. 
MeABP = Mean Average Boiling Point, in degrees Rankine. 
SG = Specific Gravity 
Denl = Liquid Density (Ib,,/ft>) 


(B xSG-C +DxMeABP) (T-E) ia 


Denl = A| SG?- 
a al ¢ MeABP 


A = 62.3636 

B = 1.2655 

C = 0.5098 

D = 8.011 x 10> 
E = 519.67 


Literature Source 
Adapted from Ritter, Lenoir, Schweppe, Petrol. Refiner 37 [11] 225 (1958). 


Example 


Estimate the liquid density, at 160 F and atmospheric pressure, of a petroleum blend with a mean 
average boiling point of 538 F and API gravity of 30.6. 

Using the mean average boiling point and the API gravity, the pivot point is located, and then a line 
is constructed through this point and the 160 F point on the left hand scale. The resulting density value 
is 0.835 gram per milliliter. 

The experimental value (20a) is 0.8343 gram per milliliter. 
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PROCEDURE 6A3.6 


ANALYTICAL METHOD FOR THE DENSITIES OF LIQUID PETROLEUM 
FRACTIONS AT LOW PRESSURES 


Discussion 


The modified Rackett equation may be used to calculate the density of petroleum fractions at their 
saturation pressures or at pressures not far above 1 atmosphere if an API gravity or a specific gravity 
at some temperature is known. 


1 RT [1+ (1-7.)2/7] 
ae ( ue } Zoe a (6A3.6-1) 
p Pye 
Where: 
p = density of liquid petroleum fraction, in pound-moles per cubic foot. 
R = gas constant, 10.731 (pounds per square inch absolute) (cubic feet) per (pound-mole) 
(degree Rankine). 
T, = reduced temperature, 7/T,.. 


T = temperature, in degrees Rankine. 
Ty, = pseudocritical temperature, in degrees Rankine. 

Ppc = pseudocritical pressure, in pounds per square inch absolute. 
Zpa = anempirically derived constant. 


Procedure 


Step 1: From the available characterizing parameters, obtain the mean average boiling point 
(MeABP) and specific gravity at 60 F using procedures given in Chapter 2. 

Step 2: Use procedures in Chapters 2 and 4 to calculate the pseudocritical temperature, pseudo- 
critical pressure, and molecular weight. 

Step 3: Calculate Zp, from equation (6A3.6-1), using the specific gravity or density at a known 
temperature. 

Step 4: Equation (6A3.6-1) may now be used to predict the density of the petroleum traction at 
different temperatures. 
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6A3.6 


COMMENTS ON PROCEDURE 6A3.6 


Purpose 


The procedure is an analytical method to predict the density of petroleum fractions at their satura- 
tion pressures or at pressures not far above 1 atmosphere. At least two characterizing parameters for 
the petroleum fraction should be known for this method to be applied. For high pressures, a pressure 
correction should be applied as given in Procedures 6A3.7 and 6A3.10. 


Reliability 
The method had an average error of 0.75 percent when tested against a data set consisting of high- 
molecular-weight hydrocarbons and petroleum fractions. 


Literature Source 
Private communication, Spencer, C. F., M. W. Kellogg Co., Houston, Texas (1983). 


Example 


Estimate the liquid density, at 160 F and atmospheric pressure, of a petroleum blend with a mean 
average boiling point of 538 F and API gravity of 30.6. 


MeABP = 538 + 459.7 = 997.7R 
sp gt, 60 F/60 F = 141.5/(30.6 + 131.5) = 0.87292 
p, 60 F = 0.87292 x 0.99904 = 0.87208 gram per milliliter 


The molecular weight is determined using the procedure given in Chapter 2. 


M = 20.486 exp [1.165 x 10-4 (997.7) — 7.78712 (0.873) 


+ 1.1582 x 1073 (997.7) (0.873)] (997.7)! 26907 (9,873)4.98308 
= 215.1 


The pseudocritical temperature, Tpc» and the pseudocritical pressure, Poe» are calculated. 


Ty, = 10.6443 exp [-5.1747 x 104 (997.7) — 0.54444 (0.873) 


pe 
+ 3.5995 x 10+ (997.7) (0.873)] (997.7)9-81087 (9. 973)0-53691 
1355.6 R. 
Pog = 6-162 x 10° exp[—4.725 x 10? (997.7) ~ 4.8014 (0.873) 
pe 


+ 3.1939 x 10-3 (997.7) (0.873)] (997.7) 0484 (0,873)4.0846 
= 273.2 pounds per square inch absolute 


Using the known density at 60 F and the other quantities computed above, Zp, is calculated from 
equation (6A3.6-1). 


60 + 459.7 
T= ~Syesg~ = 0-3833 


Zo. = 1 273.2 1.8 215.8 1 
RA ™ | 0.873 | 14.7 1355.6 82.053 1+ (1 —0.3833) 2/7 


= 0.24894 


At 160 F, 
160 + 459.7 


CS Sigg 


1355.6 |[ 14.7 1 
V = (82.053) | pelea | pei | (0.24894) |) ———_______ 
18 || 273.2 1+ (1—0.3833) 277 


= 257.6 cubic centimeters per gram-mole 


_ 215.1 
P~ 3576 


The experimental value (20a) is 0.8343 gram per milliliter. 


= 0.8350 gram per milliliter 
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PROCEDURE 6A3.7 
DENSITIES OF LIQUID PETROLEUM FRACTIONS AT HIGH PRESSURES 


Discussion 


Figures 6A3.8 and 6A3.9 correlate densities of petroleum fractions at high pressures. 
When the density at ambient pressures is found from Figure 6A3.5 or Procedure 6A3.6, the 
following equation may be used in conjunction with Figures 6A3.8 and 6A3.9 to determine 
the density at any pressure: 


Poi yo -Z2 is 
; 1.0 By (6A3.7-1) 
Where: 
Po = density of sample at temperature of interest and ambient pressures. 
p= density of sample at temperature and pressure of interest. 
p = pressure, in pounds per square inch gage. 
By = isothermal secant bulk modulus = —(1/pa)(Ap/AV)r 
Boy = isothermal secant bulk modulus at 20,000 pounds per square inch gage, the tem- 
perature of interest, and density po. 


Procedure 


Step 1: Use Figure 6A3.5 or Procedure 6A3.6 to obtain the density of the fraction at the 
specified temperature and ambient pressures. 

Step 2: Obtain the isothermal secant bulk modulus at 20,000 pounds per square inch gage, 
Bz, from Figure 6A3.8 using the density computed in Step 1. 

Step 3: Obtain the isothermal secant bulk modulus, By, at the desired pressure from 
Figure 6A3.9, Enter the chart with the modulus Bz) found in Step 2 and draw a horizontal 
line to its intersection with the line representing 20,000 pounds per square inch gage. A 
vertical line drawn through the intersection gives the modulus at any other pressure at the 
specified temperature. 

Step 4: Calculate the density at the selected temperature and pressure from equation 
(6A3.7-1). 
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6A3.7 


COMMENTS ON PROCEDURE 6A3.7 


Purpose 


The procedure is given for estimating pressure corrections for the liquid densities of petroleum 
fractions at high pressures. Figures 6A3.8 and 6A3.9 are parts of this procedure. 


Limitations 


The liquid density at or near atmospheric pressure must be known or estimated from Figure 6A3.5 
or Procedure 6A3.6 for this procedure to be used. 


Reliability 
At high pressures, the error is about 1.5 percent. 


Literature Source 
Figures 6A3.8 and 6A3.9 were adapted from Wright, ASLE Trans. 10 349 (1967). 


Example 

Estimate the liquid density, at 68 F and 5400 pounds per square inch gage, of a petroleum fraction 
with a Watson characterization factor of 12.28 and API gravity of 31.4. 

From Figure 6A3.9, the density at 68 F and atmospheric pressure is found to be 0.865 grams per 
milliliter. 

Using Figure 6A3.8, Boo at the specified temperature is 339,000 pounds per square inch gage. 

From Figure 6A3.9, By at 5400 pounds per square inch gage and 68 F is 272,000 pounds per square 
inch gage. 

The density is determined from equation (6A3.7-1). 


p 
> Si joe 24g 


B; =? 272,000 = 0.9801 


_ 0.865 
P= O9801 


The experimental value (5a) is 0.8838 grams per milliliter. 


= 0.8826 grams per milliliter 
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PROCEDURE 6A3.10 


ANALYTICAL METHOD FOR THE DENSITIES OF LIQUID 
PETROLEUM FRACTIONS AT HIGH PRESSURES 


Discussion 


For the generation of a large amount of data, an analytical version of Procedure 6A3.7 
provides a more convenient method. From a reference density (value at ambient pressures), 
the densities at higher pressures can easily be calculated using the analytical forms of Figures 
6A3.8 and 6A3.9 given below. The reference density for each specified temperature must be 
obtained from Figure 6A3.5 or calculated from equation 6A3.6-1. 

Figure 6A3.8 is represented by the following equation: 


log Bay = —6.1(107*)T + 4.9547 + 0.7133p (6A3.10-1) 


Where: 
Boy = secant bulk modulus at 20,000 pounds per square inch gage and given temperature. 
T = temperature, in degrees Fahrenheit. 
p = density at ambient pressures and given 7, in grams per milliliter. 


The constant pressure lines in Figure 6A3.9 are correlated by the following equation: 
Br=mX + B, (6A3.10-2) 


Where: 
Br= secant bulk modulus at the specified pressure. 
m. = slope of the line. 
7 = secant bulk modulus at the Y-intercept. 


X, the unmarked abcissa of Figure 6A3.9, is calculated from the following equation: 


_ Boo — Br20 _ Bz — 100,000 
X= ae IO (6A3.10-3) 
Where: 
Br20 = secant bulk modulus at the intercept of the line representing 20,000 pounds per 
square inch gage in Figure 6A3.9 (100,000 pounds per square gage). 
Mo = slope of the line representing 20,000 pounds per square inch gage (23,170). 


The intercept, B;, and the slope, m, at the desired pressure are given by the following 
equations: 


B, = 1.52(10*) + 4.704p — 2.5807(10-*)p? + 1.0611(10-™)p?> (6A3.10-4) 
m = 21,646 + 0.0734p + 1.4463(10°7)p* (6A3.10-5) 


Where: 
p = pressure, in pounds per square inch gage. 


Procedure 


Step 1: Calculate the density of the fraction at the specified temperature and ambient 
pressures from Figure 6A3.5 or Procedure 6A3.6. 

Step 2: Determine the isothermal secant bulk modulus at 20,000 pounds per square inch 
gage and the specified temperature from equation (6A3.10-1). 

Step 3: Using equation (6A3.10-3) and the value obtained in Step 2, calculate X. 

Step 4: Calculate the modulus intercept and slope at the desired pressure from equations 
(6A3.10-4) and (6A3.10-5). 

Step 5: Using the values obtained in Steps 3 and 4, calculate the isothermal secant bulk 
modulus at the desired pressure from equation (6A3.10-2). 

Step 6: Obtain the desired density from equation (6A3.7-1). 
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6A3.10 


COMMENTS ON PROCEDURE 6A3.10 


Purpose 

The procedure is given as an alternate analytical method for estimating the pressure 
correction for the liquid density of a petroleum fraction at any temperature. 
Limitations 

The liquid density at or near atmospheric pressure must be known or estimated from 
Figure 6A3.5 or Procedure 6A3.6 for this procedure to be used. 
Reliability 

The average error for calculated densities is approximately 1.7 percent. As the critical 
point is approached, the error may be as high as 5 percent. 
Literature Source 

Private communication, Spencer, C. F., M. W. Kellogg Co., Houston, Texas (June 1982). 


Example 


Estimate the liquid density, at 68 F and 5400 pounds per square inch gage, of a petroleum 
fraction with a Watson K of 12.28 and an API gravity of 31.4. 

From Figure 6A3.5, the density at 68 F and ambient pressures is found to be 0.865. 

The isothermal secant bulk modulus at 20,000 pounds per square inch gage is determined 
from equation (6A3.10-1). 


log Bay = (—6.1)(107*)(68) + 4.9547 + (0.7133)(0.865) = 5.53 
Boo = 339,000 pounds per square inch gage 
The X reference is now claculated from equation (6A3.10-3). 


_ (339,000 — 100,000) _ 
= S70 10.31 


The intercept and slope at the desired pressure are now calculated. 
B, = 1.52 (10~*) + 4.704 (5400) — 2.5807 (10°) (5400)? + 1.0611 (107°) (5400)? 
= 39,860 pounds per square inch gage 
m = 21,646 + 0.0734 (5400) + 1.4463(10~7) (5400)? 
= 22,046 
The isothermal secant bulk modulus at desired pressure is: 
Br=mX + Br= (22,046) (10.31) + 39,862 
= 267,160 pounds per square inch gage 
The density is now determined from equation (6A3.7-1). 


_ 5400 
267,160 


Bo = 0.9798 


p= Pee = 0.8828 gram per milliliter 


Po-10-2=10 
p 


The experimental value (5a) is 0.8838 gram per milliliter. 
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COMMENTS ON FIGURE 6A3.11 


Purpose 


The volumetric shrinkage resulting from blending low-molecular-weight hydrocarbons 
with crude oils is estimated from this figure. This shrinkage occurs when light products such 
as propane, butane, natural gasoline, and high-gravity produced distillates are mixed with 
crude oil streams. 

The curves shown in Figure 6A3.11 for various concentrations of lighter components were 
calculated with the aid of the following formula: 


S =2.14(1075) C -2.7 G1-75 (6A3.11-1) 


Where: 
S = shrinkage factor, as percent of lighter component volume. 
C = concentration, in liquid volume percent, of lighter component in mixture. 
G = gravity difference, in degrees API. 


Reliability 

This equation was not evaluated in the present work. The literature source has determined 
that it can be used with a high degree of confidence to calculate shrinkage at concentrations 
up to 21 percent of the lighter component. The equation is not valid at concentrations above 
50 percent of the lighter component. 
Literature Source 

Adapted from API Bull. 2509C, Volumetric Shrinkage Resulting from Blending Volatile 
Hydrocarbons with Crude Oils, 2nd ed., Am. Petrol. Inst., Washington, D.C. (1967). 
Example 


Determine the volume of a mixture of 95,000 barrels of crude oil having a gravity of 
30.7°API at 60 F and 5000 barrels of natural gasoline having a gravity of 86.5°API at 60 F. 
The gravity difference is 


86.5 — 30.7 = 55.8°API 


In Figure 6A3.11, at the intersection of the gravity difference and 5 percent of the lighter 
component, S = 2.3 percent. 
The volume of the mixture is calculated as follows: 
25 (5000) = 115 barrels shrinkage 


5000 — 115 = 4885 barrels natural gasoline 
4885 + 95,000 = 99,885 barrels mixture 
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PROCEDURE 6B1.1 
DENSITY OF PURE HYDROCARBON AND NONPOLAR GASES 


Discussion 


The following equation is to be used to predict the compressibility factor of pure hydro- 
carbon gases: 


Z=zZO+ m2 (6B1.1-1) 


Where: 
z =compressibility factor, dimensionless. 
z™ = compressibility factor for the simple fluid, which is tabulated as a function of 7, and 
p; in Table 6B1.2 and plotted in Figures 6B1.4 and 6B1.5. 
z = correction term for molecular acentricity, which is tabulated as a function of J; and 
p, in Table 6B1.3 and plotted in Figures 6B1.6 and 6B1.7. 
T, = reduced temperature, 7/ T.. 
T = temperature, in degrees Rankine. 
T. = critical temperature, in degrees Rankine. 
Pp: = reduced pressure, p/p-. 
p = pressure, in pounds per square inch absolute. 
p. = critical pressure, in pounds per square inch absolute. 
w = acentric factor. 


If the vapor is saturated (in equilibrium with the liquid phase), the z© and z™ terms 
should be interpolated in p, from the following tabulation rather than Tables 6B1.2 and 
6B1.3. 


D: zo Pac) Ds zo Px) 

1.00 0.291 ~—0.080 0.65 0.615 —0.069 
0.99 0.35 —0.083 0.60 0.64 —0.063 
0.98 0.38 —0.085 0.55 0.665 —0.056 
0.97 0.40 —0.087 0.50 0.688 —0.049 
0.96 0.41 —0.088 0.45 0.711 —0.041 
0.95 0.42 —0.089 0.40 0.734 —0.033 
0.94 0.43 —0.089 0.35 0.758 —0.025 
0.92 0.45 —0.090 0.30 0.783 —0.018 
0.90 0.47 0.091 0.25 0.809 —0.012 
0.85 0.50 —0.090 0.20 0.835 —0.008 
0.80 0.53 —0.087 0.15 0.864 —0.005 
0.75 0.56 —0.081 0.10 0.896 —0,002 
0.70 0.59 —0.075 0.05 0.935 0.000 


The compressibility factor obtained from equation (6B1.1-1) determines the vapor volume 
(or density) in the following equation of state: 
y-iaZRI 


B1.1-2 
rT (6 ) 


Where: 
V =molar volume, in cubic feet per pound-mole. 
p= molar density, in pound-moles per cubic foot. 
R = gas constant, 10.731 (pounds per square inch absolute)(cubic feet) per (pound-mole) 
(degree Rankine). 


Procedure 


Step 1: Obtain the critical temperature and pressure of the hydrocarbon from Chapter 1 
and the acentric factor from Chapter 2. 

Step 2: Calculate the reduced temperature and pressure at which a gas density is required. 

Step 3: Obtain the correlation terms z“ and z“. If the most accurate values are desired, 
use Tables 6B1.2 and 6B1.3 with linear double interpolation p, and T.. When near saturation, 
the interpolation procedure may not be satisfactory (see Special Comments). If slightly less 
accurate values are acceptable, they may be obtained rapidly from Figures 6B1.4 through 
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6B1.7. When the vapor is saturated, use the tabulation presented above with a vapor pressure 
from Chapter 5 if only temperature is known. 

Step 4: Calculate the compressibility factor using equation (6B1.1-1), and the volume or 
density using equation (6B1.1-2). 

This procedure should be followed when T and p are known and V is unknown. A suitable 
modification (trial-and-error) should be used when V is known and T or p is desired. 


COMMENTS ON PROCEDURE 6B1.1 


Purpose 


This procedure is to be used to predict gas densities of pure hydrocarbons and nonpolar 
gases. Tables 6B1.2 and 6B1.3 or Figures 6B1.4 through 6B1.7 are required in this procedure. 
The method is best suited to desk calculations, and Procedure 6B1.8 should be used with 
digital computers. Methods for hydrocarbon mixtures are given in 6B2. 


Limitations 
In general, this procedure is not accurate for polar substances. 


Reliability 


Errors between calculated and experimental compressibility factors are usually less than 1 
percent except in the critical region, where errors of 30 percent can occur. This region of 
maximum uncertainty is indicated in Figure 6B1.4. 

The reliability decreases with uncertainties in the critical properties of the compounds. 


Notation 


The notation used in Tables 6B1.2 and 6B1.3 and Figures 6B1.4 through 6B1.7 was defined 
for equations (6B1.1-1) and (6B1.1-2). 


Special Comments 


The broken line in Table 6B1.2 indicates the discontinuity between compressibility factors 
for liquid (to the right and above) and vapor (to the left and below). Interpolations must not 
be made across this line. Always use table values that apply to the desired phase only. Near 
the broken line, any necessary extrapolations should be made with respect to reduced 
pressure at constant reduced temperature. 

For hydrogen, do not use the critical constants listed in Chapter 1 to calculate the reduced 
properties; use the following values (1b, 6b): 


T=75R 
Pc. = 305 pounds per square inch absolute 


In regions of very rapid change of the simple fluid and correction terms with reduced 
pressure and/or temperature, a linear interpolation from the tables may not be satisfactory 
even though the table values are spaced more closely. Here, the figures should be used either 
directly or as a guide for correcting interpolations made using values from the tables. 

The figures may be extrapolated to lower reduced pressures by noting that z approaches 
unity and z‘? approaches zero as the pressure approaches zero. In many engineering appli- 
cations, these limiting values may be used for all reduced pressures between 0 and 0.2. If even 
more precise results are desired than the extrapolated values (rarely), use the following 
equation: 


z=1 + F:[(0.1445 + 0.073w) — (0.330 — 0.46w)T,-? — (0.1385 + 0.500) T-? 
" — (0.0121 + 0.097w)T,-? — 0.0073wT.-}] (6B1.1-3) 


Literature Sources 


Tables 6B1.2 and 6B1.3 were generated from the generalized correlation of Lee and 
Kesler, AIChE Journal 21 510 (1975). Equation (6B1.1-3) and the table for saturated vapor 
compressibility factors were taken from Pitzer et al., J. Am. Chem. Soc. 77 3433 (1955). 
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Example 


Estimate the molar volume of 2-methylpropane (isobutane) at 310 F and 1250 pounds per square 
inch absolute. 
From Chapter 1, T, = 274.98 F and p, = 529.1 pounds per square inch absolute, and from Chapter 


2, © = 0.1770. 


310.0 + 459.7 

7 274.98 +4597 — oe 
1250 

= esq = 2.363. 


To determine 2) from Table 6B1.2, interpolate first in reduced temperature. Figure 6B1.4 shows 
that both interpolations can be safely performed linearly. 


At 7, = 1.04, 
2.363 — 2.2 
(0) _ i a 
2? = 0.362 + (0.386 — 0.362) 74255 0.382 
At 7, = 1.05, 
2.363 — 2.2 
(0) _ Be, ae a 
z*? = 0.367 + (0.390 — 0.367) 74292 0.386 
Combining these, 
1.048 — 1.04 
©) = i. 
Zz 0.382 + (0.386 — 0.382) 1.05 <1. 0.385 


Similarly, using Table 6B1.3, 2) = —0.061. The compressibility factor is calculated from equation 
(6B1.1-1), and the volume from equation (6B1.1-2). 


z = 0.385 + (0.1770) (-0.061) = 0.374 


(0.374) (10.731) (310.0 + 459.7) . 
V= =o = ane = 2.47 cubic feet per pound-mole 


An experimental value for the compressibility factor is 0.377. 
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0.20 


0.40 


0.116 
0.104 
0.095 
0.088 
0.082 


0.078 


0.074 
0.071 


143322333 


0.60 


0.174 
0.156 
0.143 
0.132 
0.124 


0.117 
0.111 
0.106 
0.103 
0.100 


wee ee 


0.80 


0.231 
0.208 
0.190 
0.176 
0.165 


0.155 
0.148 
0,141 
0.137 
0.133 


0.156 


1.20 


0.347 
0.312 
0.285 
0.264 
0.246 


0.232 
0.221 
0.211 
0.204 
0.198 


0.194 
0.192 
0.193 
0.200 
0.210 


0.215 
0.224 
0.237 
0.263 
0.317 


0.386 
0.444 
0.488 
0.522 
0.552 


0.577 
0.598 
0.618 
0.636 
0.652 


0.680 
0.736 
0.778 
0.811 
0.859 


0.893 
0.918 
0.937 
0.951 
0.971 


1.30 


0.376 
0.338 
0.309 
0.286 
0.267 


0.252 
0.239 
0.229 
0.221 
0.214 


0.210 
0.208 
0.209 
0.214 
0.223 


0.228 
0.234 
0.243 
0.257 
0.279 


0.316 
0.363 
0.411 
0.454 
0.491 


0.522 
0.549 
0.573 
0.594 
0.613 


0.647 
0.711 
0.758 
0.795 
0.848 


0.885 
0.912 
0.932 
0.948 
0.970 


0.997 
1.008 
1.013 
1.015 


1.40 


0.405 
0.364 
0.333 
0.308 
0.287 


0.271 
0.257 
0.246 
0.237 
0.230 


0.226 
0.223 
0.223 
0.229 
0.237 


0.241 
0.246 
0.253 
0.262 
0.276 


0.296 
0.325 
0.360 
0.398 
0.435 


0.469 
0.500 
0.528 
0.552 
0.575 


0.613 
0.686 
0.738 
0.778 
0.837 


1.50 


0.433 
0.390 
0.356 
0.329 
0.308 


0.290 
0.275 
0.263 
0.254 
0.246 


0.241 
0.238 
0.238 
0.243 
0.250 


0.254 
0.258 
0.264 
0.271 
0.281 


0.295 
0.313 
0.337 
0.365 
0.396 


0.428 
0.458 
0.487 
0.513 
0.537 


0.580 
0.661 
0.718 
0.762 
0.826 


0.869 
0.900 
0.923 
0.941 
0.966 


0.998 
1.010 
1.016 
1.018 


1.60 


0.462 
0.416 
0.380 
0.351 
0.328 


0.309 
0.293 
0.281 
0.270 
0.262 


0.257 
0.253 
0.253 
0.257 
0.264 


0.267 
0.271 
0.276 
0.282 
0.290 


0.300 
0.313 
0.330 
0.351 
0.375 


0.401 
0.427 
0.454 
0.480 
0.505 


0.549 
0.636 
0.699 
0.747 
0.815 


0.861 
0.894 
0.919 
0.938 
0.965 


0.998 
1.011 
1.017 
1.019 


1.70 


0.491 
0.442 
0.404 
0.373 
0.348 


0.328 
0.312 
0.298 
0.287 
0.278 


0.272 
0.268 
0.268 
0.272 
0.278 


0.280 
0.284 
0.288 
0.293 
0.300 


0.308 
0.318 
0.331 
0.347 
0.365 


0.386 
0.409 
0.432 
0.456 
0.479 


0.523 
0.613 
0.681 
0.732 
0.804 


0.854 
0.889 
0.915 
0.935 
0.963 


0.998 
1.012 
1.018 
1.021 


1.80 


0.520 
0.468 
0.427 
0.395 
0.369 


0.347 
0.330 
0.315 
0.303 
0.294 


0.288 
0.283 
0.282 
0.286 
0.291 


0.294 
0.297 
0.301 
0.305 
0.311 


0.318 
0.326 
0.336 
0.348 
0.363 


0.380 
0.399 
0.419 
0.439 
0.460 


0.502 
0.593 
0.663 
0.717 
0.794 


0.846 
0.884 
0.911 
0.933 
0.962 


0.999 
1.013 
1.019 
1.022 
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.491 
1.442 
).404 
1.373 
1),348 


1.328 
).312 
‘),298 
'),.287 
).278 


4.272 
7.268 
).268 
4.272 
3.278 


1.280 
1.284 
1.288 
4.293 
7.300 


4.308 
4.318 
9.331 
9.347 
9.365 


1.386 
9.409 
9.432 
9.456 
9.479 


9.523 
9.613 
9.681 
0,732 
0.804 


0.854 
0.889 
0.915 
0.935 
0.963 


0.998 
1.012 
1.018 
1.021 
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TABLE 681.2 


COMPRESSIBILITY FACTORS, SIMPLE FLUID TERM, z 
(PART OF PROCEDURE 681.1) 


Reduced Pressure 
1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20 


0.520 0.578 0.635 0.693 0.750 0.807 0.865 0.922 
0.468 0.520 0.571 0.623 0.674 0.726 0.778 0.829 
0.427 0.474 0.522 0.569 0.616 0.663 0.709 0.756 
0.395 0.438 0.482 0.525 0.569 0.612 0.655 0.698 
0.369 0.409 0.450 0.4909 0.530 0.571 0.611 0.651 


0.347 0.385 0.423 0.461 0.499 0.537 0.575 0.612 
0.330 0.366 0.402 0.438 0.473 0.509 0.545 0.580 
0.315 0.350 0.384 0.418 0.452 0.486 0.520 0.553 
0.303 0.336 0.369 0.402 0.434 0.467 0.499 0.531 
0.294 0.326 0.358 0.389 0.420 0.451 0.482 0.513 


0.288 0.318 0.349 0.379 0.409 0.439 0.469 0.499 
0.283 0.313 0.343 0.372 0.401 0.430 0.459 0.488 
0.282 0.311 0.340 0.369 0.397 0.425 0.453 0.480 
0.286 0.314 0.342 0.369 0.396 0.423 0.450 0.477 
0.291 0.318 0.345 0.372 0.398 0.425 0.451 0.477 


0.294 0.320 0.347 0.373 0.399 0.426 0.451 0.477 
0.297 0.323 0.349 0.375 0.401 0427 0.452 0.478 
0.301 0.326 0.352 0.377 0.403 0.428 0.453 0.479 
0.305 0.330 0.355 0.380 0.405 0.430 0.455 0.480 
0.311 0.334 0.358 0.382 0.407 0.432 0.456 0.481 


0.318 0.339 0.362 0.386 0.410 0.434 0.458 0.482 
0.326 0.345 0.367 0.390 0.413 0.437 0.460 0.484 
0.336 «0.352 0.372 0.394 0.417 0.440 0.463 0.486 
0.348 0.361 0.379 0.399 0.421 0.443 0.466 0.489 
0.363 0.371 0.386 0.405 0.426 0.447 0.469 0.492 


0.380 0.382 0.395 0.412 0.431 0.452 0.473 0.495 
0.399 0.395 0.404 0.419 0.437 0.456 0.477 0.498 
0.419 0.410 0.415 0.427 0.444 0.462 0.481 €.502 
0.439 0.425 0.427 0.436 0.451 0.468 0.486 0.506 
0.460 0.442 0.439 0.446 0.459 0.474 0.492 0.511 


0.502 0.476 0.467 0.468 0.477 0.489 0.504 0.521 
0.593 0.561 0.540 0.531 0.530 0.534 0.542 0.554 
0.663 0.633 0610 0.595 0.587 0.585 0.588 0,594 
0.717 0.691 0.669 0.653 0.642 0.636 0.634 0.636 
0.794 0.775 0.759 0.745 0.734 0.725 0.720 0.718 


0.846 0.833 0.821 0.810 0.801 0.794 0.789 0.785 
0.884 0.874 0.865 0.857 0.851 0.845 0.841 0.838 
0.911 0.904 0.898 0.892 0.888 0.884 0.881 0.879 
0.933 0.928 0.923 0.919 0.916 0.914 0.912 0,911 
0.962 0.960 0.958 0.957 0.956 0.955 0.955 0.955 


0.999 1.000 1.001 1.002 1.004 1.006 1.008 1.010 
1.013 1.015 1.018 1.020 1.023 1.026 1.028 1.031 
1.019 1.022 1.025 1.028 1.031 1.034 1.037 1.040 
1.022 1.025 1.028 1.031 1.034 1.037 1.040 1.043 
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3.40 


0.979 
0.880 
0.803 
0.741 
0.691 


0.650 
0.616 
0.587 
0.563 
0.544 


0.528 
0.516 
0.508 
0.503 
0.503 


0.503 
0.503 
0.504 
0.504 
0.505 


0.507 
0.508 
0.510 
0.512 
0.514 


0.517 
0.520 
0.523 
0.526 
0.530 


0.539 
0.567 
0.603 
0.641 
0.718 


0.784 
0.836 
0.878 
0.910 
0.956 


1.013 
1.035 
1.043 
1.047 


3.60 


1.037 
0.932 
0.850 
0.784 
0.731 


0.687 
0.651 
0.620 
0.595 
0.574 


0.558 
0.544 
0.535 
0.529 
0.528 


0.528 
0.528 
0.528 
0.529 
0.530 


0.531 
0.532 
0.533 
0.535 
0.537 


0.539 
0.541 
0.544 
0.547 
0.550 


0.558 
0.582 
0.613 
0.648 
0.720 


0.784 
0.836 
0.878 
0.910 
0.957 


1.015 
1.038 
1.047 
1.050 


3.80 4.00 4.50 5.00 6.00 7.00 


1.0946 1.151 1.294 1.437 1.721 2.005 

0.983 1.034 1.162 1.290 1.545 1.799 

0.897 0.943 1.060 1.176 1.407 1.637 

0.827 0.870 0.977 1.084 1.297 1.508 

0.771 0.811 0910 1.009 1.206 1.402 
948 


0.725 0.762 0.855 0. ; 

0.686 0.721 0.809 0.896 1.069 1.240 
0.654 0.687 0.770 0.8 : : 
0.627 0.659 0.738 0.816 0.971 1.124 
0.605 0.635 0.711 0.785 0.933 1.079 


0.587 0.616 0.688 0.760 0.901 1.040 
0.573 0.601 0670 0.739 0.874 1.007 
0.562 0.589 0.656 0.722 90.852 0.979 
0.556 0.582 0.646 0.709 0.834 0.956 
0.554 0.579 0.642 0.703 0.825 0.944 


0.553 0.578 0.640 0.702 0.822 0.941 
0.553 0.578 0.640 0.700 0.820 0.937 
0.553 0.578 0.639 0.699 0.818 0.934 
0.553 0.578 0.638 0.698 0.816 0.931 
0.554 0.578 0.638 0.697 0.814 0,928 


0.555 0.578 0.638 0.696 0.812 0.925 
0.555 0.579 0.638 0.696 0.810 0.922 
0.556 0.580 0.638 0.695 0.808 0.920 
0.558 0.581 0.638 0.695 0.807 0.917 
0.559 0.582 0.639 0.695 0.806 0.915 


0.561 0.583 0.639 0.695 0.805 0.913 
0.563 0.585 0.640 0.695 0.804 0.911 
0.565 0.587 0.641 0.695 0.803 0.909 
0.568 0.589 0.643 0.696 0.802 0.907 
0.571 0.592 0.644 0.697 0.802 0.906 


0.577 0.597 0.648 0.699 0.801 0.903 
0.599 0.616 0.660 90.707 0.803 0.899 
0.626 0.640 0.678 0.719 0.807 0.898 
0.657 0.668 0.700 0.736 0.816 0.900 
0.724 0.730 0.750 0.776 0.840 0.911 


0.785 0.788 0.801 0.820 0.870 0.930 
0.837 0.839 0.848 0.862 0.902 0.952 
0.878 0.880 0.887 0.898 0.932 0.975 
0.911 0.913 0.920 0.930 0.959 0.996 
0.959 0.961 0.968 0.977 1.002 1.033 


1.018 1.021 1.030 1.039 1.061 1.087 
1.041 1.045 1.054 1.063 1.085 1.108 
1.050 1.054 1.063 1.072 1.092 1.114 
1.053 1.057 1.066 1.075 1.094 1.114 
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10.00 


1.437 
1.290 
1.176 
1.084 
1.009 


0.948 
0.896 
0.853 
0.816 
0.785 


0.760 
0.739 
0.722 
0.709 
0.703 


0.702 
0.700 
0.699 
0.698 
0.697 


0.696 
0.696 
0.695 
0.695 
0.695 


0.695 
0.695 
0.695 
0.696 
0.697 


0.699 
0.707 
0.719 
0.736 
0.776 


0.820 
0.862 
0.898 
0.930 
0.977 


1.039 
1.063 
1.072 
1.075 


2.005 
1.799 
1.637 
1.508 
1.402 


1.314 
1.240 
1.177 
1.124 
1.079 


1.040 
1.007 
0.979 
0.956 
0.944 


0.941 
0.937 
0.934 
0.931 
0.928 


0.925 
0.922 
0.920 
0.917 
0.915 


0.913 
0.911 
0.909 
0.907 
0.906 


0.903 
0.899 
0.898 
0.900 
0.911 


0.930 
0.952 
0.975 
0.996 
1.033 


1,087 
1,108 
1,114 
1.114 


8.00 


2.288 
2.051 
1.866 
1.718 
1.596 


1,494 
1.409 
1.337 
1.275 
1.222 


1.177 
1,138 
1.105 
1.076 
1.061 


1.057 
1.052 


2.851 
2.554 
2.321 
2.134 
1.980 


1.852 
1.744 
1,652 
1.573 
1.505 


1,446 
1.394 
1.350 
1.311 
1.290 


1.284 
1.277 
1.271 
1.265 
1.259 


1.254 
1,248 
1.243 
1.238 
1.233 


1.228 
1.223 
1.219 
1.214 
1.210 


1,202 
1.184 
1.170 
1.158 
1.142 


1.134 
1.132 
1.134 
1.139 
1.152 


1.176 
1.185 
1.183 
1.177 


12.00 


3.411 
3.053 
2.772 
2.546 
2.360 


2.205 
2.073 
1.961 
1.865 
1.781 


1.708 
1.645 
1.589 
1,540 
1.513 


1.504 
1.496 
1.488 
1.480 
1.473 


1.465 
1.458 
1.451 
1.444 
1.438 


1,431 
1,425 
1.419 
1.413 
1.407 


1.395 
1.370 
1.348 
1.328 
1.298 


1.276 
1.262 
1.253 
1.247 
1.243 


1.244 
1.241 
1.233 
1,222 


14.00 


3.967 
3.548 
3.219 
2.954 
2.735 


2.553 
2.398 
2.266 
2.152 
2.053 


1.966 
1.890 
1.823 
1.763 
1.731 


1.721 
1.710 
1.701 
1.691 
1.682 


1.672 
1.664 
1.655 
1.646 
1.638 


1.630 
1,622 
1.614 
1.606 
1.599 


1,585 
1.552 
1.522 
1.496 
1.453 


1.419 
1.394 
1.374 
1.359 
1.339 


1.316 
1.300 
1.284 
1.268 
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0.30 
0.35 
0.40 
0.45 
0.50 


0.55 
0.60 
0.65 
0.70 
0.75 


0.80 
0.85 
0.90 
0.95 
0.98 


0.99 
1.00 
1.01 
1.02 
1.03 


1.04 
1.05 
1.06 
1.07 
1.08 


1.09 
1.10 
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0.20 0.40 
—0.016 -—0.032 
—0.018 —0.037 
—0.019 —0.038 
—0.019 —0.037 
—0.018 -0.036 
—G.017 -0.034 
—-0.016 -0.033 
—0.016 —0.031 
—0.015 -0.029 
—0.014 —0.028 
—0.116 -0.027 
—0.072 —0.027 
—0.044 —0.112 
-0.026 —0.059 
-0.018 —0.039 
—0.016 —0.034 
—0.014 -0.029 
-0.012 —0.024 
-0.010 —0.020 
—-0.009 —0.016 
—0.007 —0.012 
—0.005 -—0.009 
—0.004 —0.006 
—0.003 0.003 
-0.002 —0.001 

0.000 0.002 

0.001 0.004 

0.002 0,006 

0.003 0.008 

0.004 0.010 

0.005 0.013 

0.008 0.019 

0.011 0.024 

0.013 0.027 

0.015 0.031 

0.016 0.032 

0.016 0.033 

0.016 0.033 

0.016 0.032 

0.016 0.031 

0.013 0.027 

0.012 0.023 

0.010 0.020 

0.009 0.018 


0.60 


—0.048 
—0.055 
—0.057 
—0.056 
—0.054 


0.80 


—0.064 
—0.074 
—0.076 
—0.074 
—0.072 


—0.068 
—0.065 
—0.061 
—0.058 
—0.055 


—0.053 
—0.051 
—0.050 
—0,054 
—0.110 


—0.080 
—0.059 
—0.043 
0.030 
—0.020 


-0.011 
—0.003 
0.003 
0.009 
0.015 


0.019 
0.024 


0.90 


—0.073 
—0.083 
—0.085 
—0.084 
—0.080 


—0.077 
—0.072 
—0.069 
—0.065 
-0.062 


—0.059 
-0.057 
—0.055 
—0.057 
—0.069 


—0,114 
—0.067 
—0.042 
-0.026 
—0.013 


—0.003 
0.006 
0.013 
0.019 
0.025 


0.029 
0.034 
0.038 
0.041 
0.044 


0.050 
0.060 
0.067 
0.071 
0.076 


0.077 
0.077 
0.075 
0.073 
0.069 


0.059 
0.051 
0.045 
0.040 
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1.00 


—0.081 
—0.092 
—0.095 
—0.093 
—0.089 


—0.085 
—0.080 
—0.076 
—0.072 
—0.068 


co 


1.30 1.40 1.50 1.60 1.70 1.80 


1.10 1.20 
—0.089 -0.097 -—0.105 -0.113 -0.121 —0.129 -0.137 0.145 
-0.101 -0.110 —0.120 —0.129 —0.138 —-0.147 -0.156 —0.165 
-0.104 -0.113 -0.123 -0.132 -0.141 ~-0.151 -0.160 —0.169 
0.102 —0.111 —0.120 —0.130 —0.139 —0.148 —0.157 —0.166 
—0.098 -0.107 —-0.116 —0.124 -0.133 -0.142 -0.150 -—0.159 
—0.093  —0.102 -—0.110 -0.118 -0.126 -—0.134 -0.143 -0.151 
—0.088 -0.096 -0.104 -0.111 -0.119 -0.127 -0.134 -—0.142 
~—0.083 -0.0901 -0.098 -0.105 -0.112 —-0.119 -0.127 -0.134 
—0.079 -0.085 -—0.092 -0.099 -0.106 -—0.112 -0.119 —0.125 
—0.074 -0.081 -—0.087 0.093 —-0.100 -0.106 -—0.112 —0.118 
~0.071 -0.077 -—0.083 -0.088 -0.094 -0.100 -0.105 ~—0.111 
—0.068 —0.073 —0.078 —0.084 —0.089 —0.094 —0.099 —0.104 
—0.065 -—0.070 -0.075 -0.079 -—0.084 -—0.088 -0.093 —0.097 
—0.064 —0.068 —0.071 -—0.075 —0.079 -0.082 -0.086 -0.090 
—0.064 —0.066 —0.068 —0.071 -—0.074 —0.077 -—0.080 —0.083 
—0.064 -0.065 -—0.066 -—0.069 -0.071 -—0.074 -0.077 —0.080 
-—0.061 -0.061 —0.063 -—0.065 -0.068 -—0.071 -0.074 -0.076 
0.008 —0.047 —0.054 —0.059 —0.062 —0.065 -0.069 -—0.072 
0.089 0.023 -0.031 —-0.045 -0.052 -0.057 -0.062 —0.065 
0.059 0.116 0.032 -0.015 -—0.034 -0.044 -0.051 —0.056 
0.053. 0.121 0.103 0.039 -0.002 -—0.023 ~-0.035 —0.044 
0.053. 0.106 =—0.136 (0.095 «0.045 0.010 —0.012 -—0.026 
0.055 0.097 0.139 «0.132, «0.091. 0.051 +=: 0.020 —0.001 
0.057 0.092 0.133 0.148 = 0.126 = 0.090 0.056 = 0.029 
0.060 0.090 0.126 0.152 0.148 0.122 0.090 0.061 
0.063 0.090 90.122 0.150 0.159 0.145 0.119 0.091 
0.066 0.0900 0.118 0.147 0.163 0.160 0.142 0.118 
0.068 0.090 0.116 0.143 0.163 0.168 0.158 0.139 
0.071 0.091 0.115 0.140 0.161 0.172 0.169 0.156 
0.073 0.092 0.114 0.138 0.159 0.173 0.176 0.169 
0.077. 0.094 0.114 0.134 0.155 0.171 0.182 0.183 
0.085 0.099 0.115 0.131 0.148 0.164 0.178 0.189 
0.090 0.103 0.116 0.130 0.144 0.158 0.172 0.184 
0.093 0.105 0.117 0.129 0.142 0.155 0.167 90.179 
0.096 0.106 0.117 0.128 0.138 0.149 0.160 0.170 
0.096 0.106 0.115 0.125 0.134 0.144 0.153 0.163 
0.094 0.103 0.112 0.121 0.130 0.139 0.148 0.156 
0.092 0.101 0.109 0.118 0.126 0.134 0.142 0.150 
0.090 0.098 0.106 0.114 0.122 0.129 0.137 0.145 
0.084 0.092 0.099 0.106 0.113 0.120 0.127 0.134 
0.072 0.078 0.084 0.090 0.096 0.102 0.108 0.113 
0.062 0.067 0.072 0.078 0.083 0.088 0.093 0.098 
0.054 0.059 0.064 0.068 0.073 0.077 0.082 0.086 
0.049 0.053 0.057 0.061 0.065 0.069 0.073 0.077 
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2.00 


-0.161 
—0.183 
-0.188 
—0.184 
-0.176 


—-0,167 
—0.157 
—0.148 
—0.138 
-0.130 


—0.122 
-0.114 
—0.106 
-0.097 
—0.089 


—0.086 
-0.082 
—0.078 
—0.072 
—0.065 


—0.056 
—0.043 
—0.027 
—0.007 

0.017 


0.043 
0.070 
0.095 
0.117 
0.137 


0.167 
0.199 
0.203 
0.199 
0.189 


0.181 
0.173 
0.166 
0.159 
0.148 


0.124 
0.108 
0.095 
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TABLE 681.3 
COMPRESSIBILITY FACTORS, CORRECTION TERM, z‘” 
(PART OF PROCEDURE 6B1.1) 
Reduced Pressure 

1.70 1.80 2.20 2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.80 
0.137 ~0.145 -0.177 —0.193 —0.209 -—0.225 -0.241 -0.257 -0.273 -~—0.289 —0.304 
0.156 —0.165 —0.202 -0.220 -0.238 -—0.256 -—0.274 —0.292 -—0.310 -0.328 -0.346 
-0.160 —0.169 0.206 —0.225 —0.243 -0.262 —0.280 —0.298 -0.316 —-0.335 —0.353 
-0.157 —0.166 —0.202 —-0.220 -—0.238 -0.256 -0.273 —-0.291 -0.309 -0.326 —0.344 
0.150 -—0.159 —0.193  —-0.210 -0.227 -0.244 —0.261 -—0.278 -0.294 -0.311 —0.328 
0.143 -0.151 —0.183 -—0.199 -0.215 -0.231 ~-0.246 -0.262 -0.278 -0.293 —0.308 
-0.134 —0.142 —0.172 -0.187 -0.202 ~0.217 -0.231 -—0.246 —0.260 -0.274 —0.288 
-0.127 —0.134 ~0.162 —0.175 —0.189 -0.203 -—0.216 —0.229 —0.243 -0.256 —0.269 
-0.119 —0.125 —0.151 —-0.164 —-0.177 -0.189 —0.201 —0.214 —-0.226 —0.238 -0.249 
-0.112  —0.118 —0.142 —-0.153 -0.165 -0.176 —0.187 —0.198 -—0.209 -0.220 —0.231 
-0.105 —0.111 —0.132 -0.143 -0.153 -0.164 —-0.174 —0,184 -0.193 -0.203 —0.213 
0.099 —0.104 —0.123 -0.133 -0.142 —0.151 -0.160 —0.169 —-0.178 -0.186 —0.195 
0.093 —0.097 —0.114 —0.122 —0.131 —0.139 —0.146 —0,154 —0.162 —0.169 —0.177 
-0.086 —0.090 —0.104 -0.111 -—@.118 -0.124 -0.131 -0.138 -0.144 -0.151 —0.157 
-0.080 —0.083 —0.096 -0.102 -0.108 -0.114 -0.120 -~—0.126 -—0.132 -0.138 -—0.144 
-0.077 ~0.080 —0.092 -0.098 -—0.104 -—0.110 -—0.116 -—0.122 -—0.128 -0.134 -—0.139 
-0.074 —-0.076 —0.088 -0.094 -0.100 —0.106 -0.112 -0.118 -0.123 ~—-0.129 —0.135 
-0.069 —-0.072 —0.084 —-0.090 -0.096 -—0.101 -0.107 -0.113 ~-0.118 ~-0.124 -0.129 
-0.062 —0.065 —0.079 —0.085 -0.091 -—0.096 -0.102 -0.108 —0.113 -0.119 —0.124 
-0.051 —0.056 —0.072 -0.079 —0.085 ~-0.091 -0.097 -0.102 -0.108 -0.113 -0.119 
-0.035 -—0.044 —0.064 -0.072 -0.078 -0.085 —0.090 —0.096 —0.102 —0.107 —0.113 
-0.012 0.026 —0.054 -0.063 -—0.071 -0.077 —0.084 -0.090 —0.095 -—0.101 —0.106 
0.020 -0.001 -0.042 -—0.053 -—0.062 -0.070 -0.076 -0.083 —0.089 -—0.094 —0.100 
0.056 0.029 —0.028 -0.041 —0.052 -—0.061 -—0.068 -—0.075 -—0.081 -—0.087 -—0.093 
0.090 0.061 —0.010 -0.027 —0.040 -0.050 -0.059 -—0.066 -—0.073 -0.079 —0.085 
0.119 0.091 0.011 -0.011 -—0.027 -0.039 -0.049 —0.057 ~-0.064 -0.071 —0.077 
0.142 0.118 0.033 0.007 -0.012 —0.026 -0.037 —0.047 —-0.055 -0.062 -—0.069 
0.158 0.139 0.056 0.026 0.004 ~0.012 -0.025 -0.036 -—0.045 -0.053 -—0.060 
0.169 0.156 0.078 0.047 0.022 0.003 -0.012 -—0.024 —0.034 -0.042 —0.050 
0.176 0.169 0.100 0.067 0.040 0.019 0.003 -—0.011 -0.022 -0.032 -0.040 
0.182 0.183 0.137 0.105 0.077 0.053 0.033 0.017 0.003 —0.008 —0.018 
0.178 0.189 0.193 0.176 0.154 0.131 0.109 0.090 0.072 0.056 0.043 
0.172 0.184 0.211 0.209 0.200 0.186 0.169 0.152 0.135 0.119 0.104 
0.167 0.179 0.214 0.221 0.222 0.217 0.208 0.196 0.184 0.170 0.157 
0.160 0.170 0.206 «=6©0.220)0=—0.231) Ss (0.237) 0.240) 0.239) 0.236) 0.2312 0.225 
0.153 0.163 0.197 0.212 0.225 0.235 0.243 0.249 0.253 0.254 0.254 
0.148 0.156 0.189 0.203 0.216 0.228 0.238 0.247 0.254 0.259 0.263 
0.142 0.150 0.181 0.195 0.208 0.220 0.230 0.240 0.249 0.256 0.262 
0.137. 0.145 0.173 0.187 0.199 0.211 0.222 0.232 0.242 0.250 0.257 
0.127. 0.134 0.160 0.173 0.185 0.196 0.207. 0.217 0.227) 0.236 0.244 
0.108 0.113 0.135 0.146 0.156 0.166 0.176 0.185 0.194 0.203 0.211 
0.093 0.098 0.117 0.126 0.135 40.144 0.153 0.161 0.169 0.177 0.185 
0.082 0.086 0.103 40.112 0.120 0.128 0.136 0.143 0.151 0.158 0.165 
0.073 0.077 0.093 0.100 0.108 0.115 0.122 0.129 0.136 0.142 0,149 
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4.00 


—0.320 
—0.363 
—0,371 
—0,361 
0.344 


—0.324 
—0.303 
~ 0.282 
—0.261 
—0.241 


—0.222 
—0.203 
—0.184 
—0.163 
—0.150 


—0.145 
-0.140 
—0.135 
—0.130 
—0.124 


—0.118 
—0.112 
—0.105 
—0.098 
—0.091 


—0.083 
—0.075 
—0.066 
—0.057 
—0.048 


—0.027 
0.030 
0.090 
0.144 
0.217 


0.252 
0.265 
0.267 
0.264 
0.252 


0.219 
0.193 
0.172 
0.155 


4.50 5.00 6.00 
—0.360 —0.400 —0.479 
—0.408 —-0.452 —0.540 
—0.416 —0.460 -—0.549 
-0.405 -0.448 -0.533 
-0.385 —0.425 —0.505 
-0.362 —-0.399 —-0.473 
—0.337 —0.372 —0.439 
—0.313 —0.345 -0.406 
—0.290 —-0.318 -0.374 
-0.267 -0.293 —-0.342 
—0.245 —0.268 —0.312 
—0.224 —0.244 —0.283 
—0.202 —-0.219 —0.253 
-0.179 -0.194 -0.224 
~0.164 —0.178 —0.206 
—0.159 -0.173 —0.200 
—0.154 —0.167 —0.193 
—0.148 -0.161 —0.187 
—0.143 -0.156 —0.181 
—0.137 -0.150 —-0.174 
-0.131 -0.143 —0.167 
—0.125 —0.137 -0.161 
-0.118 —-0.130 —0.154 

0.111 —0.124 —0.147 
-0.104 —-0.117 -—0.140 
—0.097 -0.109 —0.133 
—0.089 -0.102 -—0,125 
—0.081 0.094 —0.118 
-0.073 —0.086 -0.110 
—0.064 -0.078 —0.103 
—0.046 —0.061 —0.087 

0.005 -—0.014 -—0.044 

0.061 0.037 0.001 

0.113 0.087 0.047 

0.196 0.174 0.134 

0.244 0.231 0.201 

0.267. 0.263 (0.247 

0.276 0.279 0.275 

0.277 0.285 0.290 

0.268 0.282 0.300 

0.237 0.254 =: 0.283 

0.210 0.227 0.256 

0.189 0.204 0.233 

0.171 0.186 0.213 


7.00 


—0.557 
—0.628 
—0.636 
—0.616 
—0.583 


—0.545 
—0.505 
—0.465 
—0,427 
-0.390 


—0.355 
~0.320 
—0.286 
—0.253 
~0.232 


~0.225 
-0.219 
—0.212 
—0.205 
—0.198 


-0.191 
—0.184 
—0.176 
—0.169 
—0,162 


-0.154 
-0.147 
—0.139 
—0.132 
~—0.124 


—0.108 
—0.068 
—0.025 
0.018 
0.101 


0.172 
0.225 
0.263 
0.287 
0.310 


0.305 
0.282 
0.258 
0.238 
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6B1.3 
oe Reduced 
4.00 4.50 5.00 6.00 7.00 8.00 10.00 11.00 12.00 14.00 Temperature 
0.320 —0.360 -0.400 —0.479 —0.557 -0.636 -—0.792 —0.869 -0.946 —1.100 0.30 
0.363 ~—0.408 -0.452 —0.540 —0.628 —-0.715 -0.886 -—0.791 -1.056 —1.223 0.35 
0.371 —0.416 —-0.460 —0.549 -0.636 -—0.723 -0.894 -0.978 -1.061 —1.225 0.40 
0.361 —0.405 —0.448 -0.533 -—0.616 —0.699 —0.861 -0.940 -1.019 ~1.173 0.45 
0.344 —0.385 —0.425 —0.505 -0.583 —0.660 —0.810 —0.883 -—0.955 —1.097 0.50 


0.324 —0.362 ~0.399 -0.473 -0.545 ~-0.615 -—0,.752 -—0.819 -0.885 —1.013 0 
0.303 -0.337 -—0.372 ~—0.439 —-0.505 -0.569 -—0.693 —0.753 -0.812 —0.928 0. 
0.282 -0.313 —-0.345 -0.406 -0.465 -0.523 —0.635 -—0.689 -0.742 -0.845 0. 
0 
0 


65 
0.261 -—0.290 -0.318 -0.374 —0.427 -0.479 —0.579 —0.627 —0.674 —0.766 70 
0.241 —0.267 —0.293 -0.342 -0.390 —0.436 —0.525 —0.568 -0.610 —0.691 75 
0.222 -—0.245 ~0.268 ~0.312 -0.355 -0.396 -0.474 -0.512 —-0.549 —0.621 0.80 
0.203 —0.224 -0.244 —0.283 —0.320 —0.356 —0.425 -0.459 -—0.491 —0.555 0.85 
0.184 —0.202 —0.219 —0.253 —0.286 -0.318 -0.379 -0.408 -0.437 —0.493 0.90 
0.163 —0.179 -0.194 -0.224 -0.253 -0.280 —-0.334 —-0.360 -0.385 —0.434 0.95 
0.150 -0.164 —0.178 —0.206 -0.232 -0.258 -—0.308 ~-0.331 -0.355 —0.401 0.98 
0.145 -—0.159 -0.173 —0.200 —0.225 -0.251 -0.299 —0.322 -0.345 -0.390 0.99 
0.140 —-0.154 —0.167 —0.193 —0.219 -0.243 —0.290 -0.313 —-0.335 —0.379 1.00 
0.135 —0.148 —0.161 —0.187 -0.212 -0.236 —-0.282 ~—0.304 -0.326 —0.368 1.01 
0.130 —0.143 —0.156 -0.181 —-0.205 -0.228 —0.273 -0.295 -0.316 —0.357 1.02 
0.124 -0.137 -0.150 —0.174 -0.198 -0.221 —0.265 -0.286 --0.307 —0.347 1.03 
0.118 —0.131 —0.143 —-0.167 -—0.191 -0.213 -—0.256 -0.277 -0.297 —0.337 1.04 
0.112 -0.125 —0.137 —0.161 —0.184 -0.205 -0.248 -—0.268 -—0.288 -0.326 1.05 
0.105 -—0.118 -0.130 —0.154 -0.176 -0.198 —-0.239 —-0.259 -0.278 —-0.316 1.06 
0.098 —0.111 —0.124 —0.147 ~—0.169 -0.190 -—0.231 -0.250 -0.269 —0.306 1.07 
0.091 -0.104 -0.117 —0.140 -—0.162 -0.183 -0,222 —-0.241 -0.260 —0.296 1.08 
0.083 -0.097 -0.109 -0.133 -0.154 -0.175 -0.214 -0.233 -0.251 —0.286 1.09 
0.075 —0.089 -0.102 -—0.125 -0.147 -0.167 -0.206 —-0.224 -0.242 -0.276 1.10 
0.066 ~—0.081 —0.094 —-0.118 -0.139 -0.160 -0.197 -0.215 -0.233 —0.267 1.11 
0.057 —0.073 -—0.086 —-0.110 -0.132 —-0.152 -0.189 -0.207 -0.224 —0.257 1.12 
0.048 -—0.064 -—0.078 —0.103 —0.124 -0.144 -—0.181 -0.198 -0.215 —0.247 1.13 


0.027 —-0.046 -—0.061 —0.087 —0.108 -0.128 —0.164 -0.181 ~-0.197 —0.228 
0.030 0.005 —0.014 —-0.044 -0.068 -0.088 -0.123 -0.139 —-0.154 --0.183 
0.090 0.061 0.037 0.001 —0.025 —0.047 -0.082 -0.098 —0.112 —0.139 
0.144 0.113 0.087 0.047 0.018 -0.006 —-0.042 -0.058 -0.072 -—0.097 
0.217) 0.196 0.174 0.134 0.101 0.075 0.035 0.019 0.005 ~—0.019 


eb eet pet ed, 
PWN 
SOndN 


0.252. 0.244 0.231 0.201 0.172 0.146 0.106 0.090 0.076 0.052 
0.265 0.267 0.263 0.247 0.225 0.204 0.167 0.152 0.138 0.116 
0.267 0.276 0.279 «0.275 «0.263 (0.248 0.218) 0.204 0.192 0.171 
0.264 0.277 0.285 0.290 0.287 0.279 0.258 0.247 0.237 0.218 
0.252. (0.268 «= 0.282, s-0.300) = 0.310) Ss: 0.313. 0.310 = 0.305 0.300) = 00.290 


Cee 
SS38S 


0.219 0.237 0.254 0.283 0.305 0.323 0.348 0.356 0.362 0.371 2.50 
0.193 0.210 0.227 0.256 0.282 0.304 0.338 0.353 0.365 0.385 3.00 
0.172 0.189 0.204 0.233 0.258 0.281 0.319 0.336 0.350 0.376 3.50 
0.155 0.171 0.186 0.213 0.238 0.260 06.299 0.316 0.332 0.360 4.00 
6-91 
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6B1.8 
PROCEDURE 6B1.8 
ALTERNATE (COMPUTER) METHOD FOR THE DENSITY OF PURE 
HYDROCARBON AND NONPOLAR GASES 
Discussion 
The following method, which was used to generate the tables in Procedure 6B1.1, is 
recommended for estimating the density of pure hydrocarbon and nonpolar gases by a digital 
computer. 
zazO4+ 5 (2@ — 7) (6B1.8-1) 
Where: 
= compressibility factor, dimensionless. 
z= compressibility factor for the simple fluid, which is obtained from equation 
(6B1.8-2). 
z™ = compressibility factor for the heavy reference fluid (2-octane), which is obtained 
from equation (6B1.8-2). 
w = acentric factor of the compound for which the density is sought. 
w” = acentric factor for the heavy reference fluid (m-octane) = 0.3978. 
The compressibility factors for the simple fluid z and the heavy reference fluid z are 
obtained from the following equation. 
woiPh_,,8,€ D6 ( +) (2) : 
Zz T I+ Ct pty py Bt ys exp 7p (6B1.8-2) 
Where: 
z = z© when the constants are those listed below for the simple fluid. 
z® =z when the constants are those listed below for the heavy reference fluid. 
Pp, = reduced pressure, p/ pc. 
p = pressure, in pounds per square inch absolute. 
Pc = Critical pressure of the compound whose density is sought, in pounds per square inch 
absolute. 
Ve=peV/RT.. 
V = molar volume of the simple fluid or of the heavy reference fluid, as the case may be, 
in cubic feet per pound-mole. 
R = gas constant, 10.731 (pounds per square inch absolute)(cubic feet) per (pound-mole) 
(degree Rankine). 
T. = critical temperature of the compound whose density is sought, in degrees Rankine. 
T, = reduced temperature, T/T. 
T = temperature, in degrees Rankine. 
B = by — by! TF, — b3/T? — bs/T? 
C=c,-c,/T+03/T? 
D= dy + d,/ T, 
Two sets of constants are given below, one set for the simple fluid and the other set for the 
heavy reference fluid. 
Constant Simple Fluid Heavy Reference Fluid 
b, 0.1181193 0.2026579 
bz 0.265728 0.331511 
b; 0.154790 0.027655 
bg 0.030323 0.203488 
C4 0.0236744 0.0313385 
C2 0.0186984 0.0503618 
C3 0.0 0.016901 
Ca 0.042724 0.041577 
d, x 10* 0.155488 0.48736 
dz x 10° 0.623689 0.0740336 
B 0.65392 1.226 
y 0.060167 0.03754 
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Procedure 


Step I: Obtain the critical temperature and pressure from Chapter 1 and the acentric 
factor from Chapter 2. 

Step 2: Calculate the reduced temperature and reduced pressure at which the density is 
desired. 

Step 3: Solve equation 6B1.8-2 for V,, using the constants for the simple fluid. Since the 
equation is not explicit in V,, an iterative procedure will be required. Having obtained V, for 
the simple fluid, use the reduced conditions obtained in Step 2 to calculate z = p,V,/ F.. 

Step 4: Repeat Step 3 for the heavy reference fluid using the same reduced temperature 
and pressure. Hence, obtain z™. 

Step 5: Use equation 6B1.8-1 to obtain the compressibility factor z for the gas under 
consideration. 

Step 6: Evaluate the volume from the relation V = zRT/p. 


COMMENTS ON PROCEDURE 6B1.8 


Purpose 


This procedure is presented for calculating gas densities of pure hydrocarbons and non- 
polar gases using a digital computer. Methods for mixtures are given in 6B2. 


Limitations 


In this work, the procedure has not been tested with data for nonhydrocarbons. The 
literature source, however, indicates general agreement for nonpolar or slightly polar non- 
hydrocarbons so that reasonable results may be expected. 


Reliability 


Errors between calculated and experimental compressibility factors are usually less than 1 
percent except in the immediate vicinity of the critical region, where errors as high as 30 
percent can occur. The original literature source gives the range of applicability of the 
equation as a reduced temperature of 0.3 to 4.0 and a reduced pressure of 0 to 10.0. Based 
on a limited amount of testing, it was determined that the equation may be used up to 
reduced pressures of 20 with little additional error. The reliability decreases with uncer- 
tainties in the critical properties of the compounds. 


Special Comments 


The following special considerations must be taken into account when solving the equa- 
tions. 

The equation has several volume roots, and the solution can converge on the wrong value. 
These incorrect values are easily identified because they differ substantially from the ex- 
pected value. Suitable checks must be built into the solution to guard against possible 
convergence to the wrong root. 

For saturated vapors, both temperature and pressure must be used as input parameters 
(with vapor pressure predictions from Chapter 5 when necessary) and the calculations per- 
formed as if the point were in the homogeneous region. 

For hydrogen, do not use the critical constants listed in Chapter 1 to calculate the reduced 
properties; use the following values (1b, 6b): 


R=75R 


Pc = 305 pounds per square inch absolute 


Literature Source 


The equations in this procedure were developed by Lee and Kesler, AIChE Journal 21 510 
(1975). 
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PROCEDURE 682.1 
DENSITY OF HYDROCARBON AND NONPOLAR GAS MIXTURES 


Discussion 


The tables and figures of Procedure 6B1.1 are to be applied to hydrocarbon mixtures by 
using the pseudocritical temperature and pressure instead of the true critical temperature and 
pressure to calculate reduced conditions. The pseudocritical properties, which are defined as 
the molar averages of the component true critical properties, are given in Chapter 4 for 
mixtures of defined and undefined composition and blends of the two. The mixture acentric 
factor, which is defined as the molar average of the component acentric factors, may be 
estimated for undefined mixtures from Chapter 2. The following are summaries of these 
definitions: 


ED, Hedy (6B2.1-1) 


Where: 
The = pseudocritical temperature, in degrees Rankine. 
T,, = critical temperature of component 7, in degrees Rankine. 
n = number of components in the mixture. 
x, = mole fraction of component i. 


Poe = Dy Xi Pes (6B2.1-2) 
ri 
Where: 
Ppc = pseudocritical pressure, in pounds per square inch absolute. 
Pu = critical pressure of component i, in pounds per square inch absolute. 


n 
w= > x4 ow, (6B2.1-3) 
t=1 
Where: 
w = mixture acentric factor. 
w, = acentric factor of component i. 


Procedure 


Step 1: For mixtures of known composition, obtain the critical pressures and temperatures 
for all of the components from Chapter 1 and the acentric factors from Chapter 2. 

Step 2: Calculate the pseudocritical temperature and pressure using equations (6B2.1-1) 
and (6B2.1-2) and the mixture acentric factor using equation (6B2.1-3). (For petroleum 
fractions and blends of petroleum fractions with mixtures of known composition, obtain the 
pseudocritical conditions from Chapter 4 and the mixture acentric factor from Chapter 2.) 
Calculate the reduced temperature and pressure. 

Step 3: Calculate the gas density using Steps 3 and 4 of Procedure 6B1.1 with the reduced 
conditions calculated previously. 
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COMMENTS ON PROCEDURE 6B2.1 


Purpose 


This procedure is to be used with Procedure 6B1.1 to estimate the gas densities of mixtures 
of hydrocarbons with other hydrocarbons and/or with nonpolar nonhydrocarbon substances. 


Limitations 


In general, the method is not applicable to mixtures containing polar components. 


Reliability 


Errors in calculated compressibility factors rarely exceed 2 percent except in the critical 
region, where 15-percent errors should be expected and errors of 50 percent can occur. This 
region of maximum uncertainty is the same as that indicated in Figure 6B1.4. 

When compared with approximately 6500 data points for a wide variety of hydrocarbon 
mixtures of known composition, the overall average error was 4 percent, with well over 90 
percent of the errors less than 2 percent. 

The reliability of the modification for mixtures of undefined composition was not evalu- 
ated. 


Special Comments 


For hydrocarbon-hydrocarbon mixtures that do not contain methane, slightly better results 
are obtained in the immediate critical region using true rather than pseudocritical tem- 
peratures and pressures. This region is defined approximately by the following pseudo- 
reduced condition boundaries: 1.0< 7 < 1.2, and 1.0<p,<3.0. True critical conditions are 
correlated in Chapter 4. Notice that the liquid phase can exist in this region even though the 
pseudoreduced temperature is greater than unity (see Introduction to Chapter 4). 

For supercritical temperatures (7; > 1) and high pressures (p, > 5), the error can be re- 
duced to approximately 1 percent by using the following mixture correspondence pressure 
instead of the pseudocritical pressure which is defined by equation (6B2.1-2): 


Pac = ————— (6B2.1-4) 


Where: 
Pmc = mixture correspondence pressure, in pounds per square inch absolute. 
R = gas constant, 10.731 (pounds per square inch absolute)(cubic feet) per (pound-mole) 
(degree Rankine). 
Za = Critical compressibility factor of component i (from Chapter 2). 
V., = critical volume of component i (from Chapter 1), in cubic feet per pound. 
M, = molecular weight of component i (from Chapter 1). 


More reliable gas densities can be obtained under most temperature-pressure conditions 
using the mixture correspondence rules of Lee and Kesler (4b), Joffe (2b), Stewart et al. (9b), 
or Leland and Mueller (Sb). However, the small advantage in accuracy does not justify the 
added labor involved in using these methods. 

For mixtures containing hydrogen, do not use the hydrogen critical constants listed in 
Chapter 1 to calculate the pseudocritical properties. For hydrogen, use the following values 
(1b, 6b): Z2=75 R and p, = 305 pounds per square inch absolute. 


Literature Sources 

Equations (6B2.1-1) and (6B2.1-2) were given by Kay, Ind. Eng. Chem., 28 1014 (1936). 
Equation (6B2.1-4) was developed by Prausnitz and Gunn, AIChE Journal, 4 430 (1958). 
Examples 


A. Estimate the molar volume of a gaseous mixture of 90 mole percent propane and 
10 mole percent benzene at 460 F and 4000 pounds per square inch absolute. 
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6B2.1 
The critical properties tabulated below were obtained from Chapter 1 and the acentric factors from 
Chapter 2. 
Critical Temperature Critical 
Mole SEE Pressure Acentric 
Component Fraction F R (psia) Factor 
Propane 0.90 206.0 665.7 616.3 0.1517 
Benzene 0.10 $52.2 1011.9 710.4 0.2108 
Molar average 700.3 625.7 0.1576 
460 + 459.7 
= — — = 131 
ti 700.3 as 
4000 
Pr= 559 = 6.393 
From Table 6B1.2, 2 = 0.851, and from Table 6B 1.3, z‘!) = 0.047. Using equations (6B1.1-1) and 
(6B1.1-2) from Procedure 6B1.1, 
z = 0.851 + (0.1576) (0.047) = 0.85 
ie (0.859) (10.731) (460+ 459.7) _ re rae ae eal 
= A eet per pound-mole 

An experimental compressibility factor is 0.857. 

B. Estimate the specific volume of a completely vaporized petroleum fraction at 560 F and 
180 pounds per square inch absolute having an API gravity of 53.9 and the following ASTM D 86 
distillation properties: 

Distillation, percent by volume 10 30 50 70 90 
Temperature, F 150 230 295 351 450 
The volumetric average boiling point is thus 295 F, and the slope is 3.75 F/ percent distilled. 

From Chapter 2, the molal and mean average boiling points are 248.6 F and 266.5 F, respectively. 
From Chapter 4, 7), = 1062.8 R and py. = 408.9 pounds per square inch absolute. From Chapter 2, 
@ = 0.333 and the average molecular weight is 116.5. 

560 + 459.7 
e= —agnoe 0.9594 
180 
Pim ag 0.430 
From Table 6B1.2, 2 = 0.826, and from Table 6B1.3, 2“ = —0.041. Using equations (6B1.1-1) 
and (6B1.1-2) from Procedure 6B1.1, 
z = 0.826 + (0.36) (0.041) = 0.811 
(0.811) (10.731) (560 + 459.7) ; 
Ve= 180 = 49,3 cubic feet per pound-mole 
= 49.3/116 = 0.427 cubic feet per pound 
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6B2.2 
PROCEDURE 6B2.2 
ALTERNATE (COMPUTER) METHOD FOR THE DENSITY OF HYDROCARBON 
AND NONPOLAR GAS MIXTURES 
Discussion 

Although the pseudocritical temperature and pressure from equations (6B2.1-1) and 
(6B2.1-2) may be used with Procedure 6B1.8 to calculate gas densities of hydrocarbon 
mixtures, more accurate results are obtained using the following mixture correspondence 
rules. 

Toe = 747 5 xVoTat 3 (3 vevT) (3 wveVi)| (6B2.2-1) 
me f,=1 1=1 2=1 
Vine =4 3 xVa +3 (3 we | (3 Ve" ) (6B2.2-2) 
1=1 s=1 i=] 
Va = Zo RT, !/ Por (6B2.2-3) 
Za = 0.2905 — 0.085 ow, (6B2.2-4) 
Pme = (0.2905 — 0.085 w)R Fine / Vine (6B2.2-5) 
w= Dx, (6B2.2-6) 
z=1 
Where: 
Tc = mixture correspondence temperature, in degrees Rankine. 
n = number of components in the mixture. 
x, = mole fraction of component i. 
T., = critical temperature of component , in degrees Rankine. 
Vane = mixture correspondence volume, in cubic feet per pound-mole. 
V., = critical volume of component i, in cubic feet per pound-mole. 
R = gas constant = 10.731 (pounds per square inch absolute)(cubic feet) per (pound- 
mole)(degree Rankine). 
Po = critical pressure of component i, in pounds per square inch absolute. 
Za = critical compressibility factor of component i, to be calculated from equation 
(6B2.2-4). 
Pmc = mixture correspondence pressure, in pounds per square inch absolute. 
@ = mixture acentric factor. 
w, = acentric factor of component i. 
Procedure 

Step 1: For mixtures of known composition, obtain the critical temperatures and pressures 
of all the mixture components from Chapter 1 and the acentric factors from Chapter 2. 

Step 2: Calculate the mixture correspondence temperature, mixture correspondence pres- 
sure, and mixture acentric factor using equations (6B2.2-1) through (6B2.2-6). 

For petroleum fractions and blends of petroleum fractions with mixtures of known com- 
position, equations (6B2.2-1) through (6B2.2-6) cannot be used because mole fractions are 
not available. Instead, obtain a pseudocritical temperature and pressure from Chapter 4. The 
acentric factor should be taken from Chapter 2. 

Step 3: Calculate the reduced temperature and pressure at which a volume is desired as 
the ratio of the operating to the mixture correspondence temperatures and pressures. 

Step 4: Calculate the desired volume or density by completing Steps 3 through 6 of 
Procedure 6B1.8. 
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COMMENTS ON PROCEDURE 682.2 


Purpose 


This procedure, to be used with a digital computer, is presented as an alternate to Pro- 
cedure 6B2.1 for calculating gas densities of mixtures of hydrocarbons with other hydro- 
carbons and/or with nonpolar nonhydrocarbon substances. 


Limitations 


The procedure has not been tested with data for nonhydrocarbons. Although the results 
should be reasonable, the errors will be larger than for hydrocarbons. 


Reliability 


Errors in calculated compressibility factors rarely exceed 2 percent except in the critical 
region, where 10-percent errors should be expected and 50-percent errors can occur. This 
region of maximum uncertainty is the same as that outlined in Figure 6B1.4. 

When compared with approximately 7800 data points for a wide variety of hydrocarbon 
mixtures of known composition, the overall average error was 2.5 percent, with well over 90 
percent of the errors less than 2 percent. 

The reliability of the modification for mixtures of undefined composition was not evalu- 
ated. 


Special Comments 


The mixture correspondence equations of Stewart et al. (9b) and of Joffe (2b) produce 
almost identical results as equations (6B2.2-1) through (6B2.2-6). However, equations 
(6B2.2-1) through (6B2.2-6) should be expected to give better results for mixtures containing 
components whose molecular size and shape are widely different. The equations of Leland 
and Mueller (5b) are occasionally more accurate, but not on an overall basis. 

For mixtures containing hydrogen, do not use the hydrogen critical constants listed in 
Chapter 1 to calculate mixture correspondence conditions. For hydrogen, use values of 
T. = 75 R and p, = 305 pounds per square inch absolute (1b, 6b). 


Literature Source 


Equations (6B2.2-1) through (6B2.2-6) are equivalent to equations (20) through (25) given 
by Lee and Kesler, AIChE Journal 21 510 (1975). 
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PREFACE 


In 1975, using all the new data and correlations available, the Data Book project in the 
Department of Chemical Engineering at The Pennsylvania State University revised and 
extended Chapter 7. During the past three years, additions and updates have been carried 
out resulting in this revised chapter. A major change is the adoption of international 
enthalpy and entropy bases of the ideal gas at absolute zero temperature and one atmos- 
phere pressure. Detailed results of the evaluations are available in Documentation Report 
No. 7-90 from Xerox University Microfilms, Ann Arbor, Michigan. 

Work on this chapter was carried out by Kirk R. Hanawalt and Gurmeet Singh, Research 
Assistants in Chemical Engineering, under the supervision of Dr. Thomas E. Daubert. The 
chapter task force for the Technical Data Committee was B. I. Lee, Mobil Oil, Chairman; 
D. L. Embry, Phillips Petroleum; and C. F. Spencer, M. W. Kellogg. 
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CHAPTER 7 
THERMAL PROPERTIES 


7.0 INTRODUCTION 


Heat effects accompany changes in temperature, pres- 
sure, phase, and chemical nature. Enthalpies, heat capaci- 
ties, heat capacity ratios, and entropies of the substances 
involved are required to predict the magnitude of these heat 
effects. These properties (particularly heat capacity) are also 
used frequently in correlations of other physical properties 
and design parameters such as the thermal conductivity and 
the Prandtl number. Methods for predicting these important 
thermal properties are presented in this chapter for pure 
hydrocarbons and their mixtures, both for defined and unde- 
fined composition. 

This chapter was prepared for use primarily with nonre- 
acting systems. The enthalpy basis does not include heat of 
formation data, so the enthalpies of products and reactants 
cannot be subtracted to give the heat of reaction. Further, 
the figures and procedures are all designed to give thermal 
properties on a perpound basis, whereas a molar basis 
would be more convenient for reacting systems. The 
approach taken here is the most convenient for the thermal 
property calculations that are common in the petroleum 
industry. 

The effect of temperature on the enthalpy, heat capacity, 
and entropy of pure hydrocarbons and their defined mix- 
tures is partly determined from data for the pure substances 
in the ideal gas state. Extensive tabulations for hydro- 
carbons and nonhydrocarbons have been prepared by the 
Thermodynamics Research Center (75). Coverage of 180 of 
the most common compounds of interest to the petroleum 
industry are given in this chapter both in tabular and 
equ‘ion form. 

Throughout this chapter, procedures for both desk and 
computer calculations are presented in a parallel structure. 
The complete desk method is presented first, followed by 
the corresponding computer method. No computer program 
listings are presented; only the pertinent equations are 
given. Subroutines to implement each computer method are 
listed separately in Chapter 16. 

Both the desk and computer methods are based on the 
theorem of corresponding states. The methods are internally 
consistent for density and all the thermodynamic properties. 
In most cases, values for tables and graphs used in the desk 
methods were generated from the corresponding computer 
method. Unfortunately, neither is consistent with the vapor- 
liquid equilibrium predictions of Chapter 8. Both are com- 
parable in accuracy when compared with existing data. 
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Corresponding States Methods 


Most of the desk method correlations follow the general 
form: 


G = 6 +06 
Where: 
G = property being predicted at T and p. 
G© = property of the simple fluid, which is 
tabulated as a function of 7, and p,.. 
G™ = correction term for molecular acentricity, which 
is tabulated as a function of T, and p, . 
T = temperature, in degrees Rankine. 
T, = reduced temperature, 7/T.. 
T.. = critical temperature, in degrees Rankine. 
p = pressure, in pounds per square inch absolute. 
Pp, = teduced pressure, p/p,. 
P, = critical pressure, in pounds per square inch 
absolute. 
@ = acentric factor (Chapter 1) . 


In most cases, values for the tables and graphs used in the 
desk methods were generated from the corresponding com- 
puter method, using a general equation of the form: 


o 
G= GO+ iG = G4 
wi? 
Where: 
GY = property of heavy reference fluid at T, , p, . 
wo = acentric factor of heavy reference fluid. 


The computer methods in this chapter use n-octane 
(@ = 0.3978) as the heavy reference fluid. 

The Benedict-Webb-Rubin (12-14) equation of state, as 
modified by Lee and Kesler (42) and used to calculate den- 
sities in Chapter 6, is the basis for the calculation of thermal 
properties in the Data Book. It is the most accurate general- 
ized correlation available, being most accurate in the sub- 
cooled and superheated regions. However, the accuracy is 
slightly reduced at saturated conditions and near the critical 
and retrograde regions when applied to widely boiling 
mixtures. 

1. Mixtures of Defined Composition: Both the desk 
and computer methods that are used throughout this chapter 
to calculate the effect of pressure on thermal properties are 
based on the extended theorem of corresponding states. In 
other words, it is postulated that two compounds which pos- 
sess like values of auxiliary parameters and are in identical 
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conditions of reduced temperature and pressure will behave 
identically. 

Application of these methods to pure compounds is 
straightforward; the critical temperatures and pressures are 
used directly to calculate reduced conditions. For mixtures, 
an imaginary critical point is postulated to exist such that 
the mixture corresponds in behavior to a pure substance 
having an identical critical point (and auxiliary parameters). 
However, in a small region near the critical point, a better 
approximation to mixture behavior can be obtained by using 
the true critical conditions. 

A number of equations have been proposed to calculate 
the mixture correspondence conditions of temperature and 
pressure from the true critical constants of the components. 
The earliest and best known equations were given by Kay 
(37), who approximated the mixture correspondence condi- 
tions by the molar average pure component conditions. In 
this book the term “pseudocritical conditions” is reserved 
for conditions calculated by this relationship of Kay. The 
results of all other methods are referred to as mixture corre- 
spondence conditions. 

Although the various equations for calculating the mix- 
ture correspondence conditions are all more complex than 
Kay’s rule, for close-boiling mixtures of chemically similar 
compounds, all reduce to approximately the same result as 
Kay’s rule. For more complex mixtures, several of the 
methods (35, 42, 44, 71) produce slightly better results than 
Kay’s pseudocritical equations under most temperature- 
pressure conditions. However, the small increase in accu- 
racy does not justify the use of these complex equations for 
desk calculations. Accordingly, the recommended desk 
methods for calculating the effect of pressure on the thermo- 
dynamic properties of mixtures are extensions of the pure 
compound method using the pseudocritical point as defined 
by Kay rather than the true critical point. For computer 
applications, the complexity of the equations is unimpor- 
tant, so the somewhat more accurate mixing rules of Lee 
and Kesler (42) are recommended. 

The general method for predicting the total gas or liquid 
enthalpy, gas heat capacity, or gas entropy of hydrocarbon 
mixtures of known composition is, therefore, to calculate 
the weight average of the ideal gas properties and correct 
the entire mixture for pressure using a pseudocritical 
approach. This differs from the method commonly used in 
the petroleum industry, which is weight averaging the prop- 
erties of pure components at the operating temperature and 
pressure. The weight-averaging method is equivalent to the 
recommended approach only when the components of the 
mixture are close boiling members of a single family of 
hydrocarbons (i.c., paraffins, olefins, naphthenes, or aromat- 
ics) and when the operating pressure on a gas mixture is less 
than the vapor pressures of any one of the pure components 
or when the operating temperature for a liquid mixture is 
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less than the critical temperatures of any one of the pure 
components. The common method of using the saturated 
vapor enthalpy for the component enthalpy when the oper- 
ating pressure is greater than the vapor pressure of that com- 
ponent is unsatisfactory and becomes increasingly poor as 
pressure increases. Similarly, the common practice of 
extrapolating the saturated liquid enthalpies into the super- 
critical region for a component of a liquid mixture involves 
many uncertainties. Further, the commonly used weight- 
averaging technique neglects nonidealities of mixing 
entirely, whereas an allowance (although not precise) is pro- 
vided with the pseudocritical approach. 

In a small region near the critical point, the true mixture 
critical conditions produce better results than the pseudo- 
critical or the various mixture correspondence points for 
nonmethane systems. This region is defined approximately 
by the pseudoreduced limits: 1.0 < T, < 1.2 and 1.0 < p, < 
3.0. The predictions in this difficult region are not good in 
either case but not much worse than corresponding results 
for pure hydrocarbons. 

Data are not available to determine the reliability of the 
pseudocritical or mixture correspondence approaches for 
mixtures exhibiting unusual (non-Type I) critical loci, but 
the accuracy of both computer and desk methods is proba- 
bly worse than quoted. Fortunately, most systems of interest 
are Type I, but unusual behavior can occur even for hydro- 
carbon systems. The various critical loci are described in the 
Introduction to Chapter 4. 

The pseudocritical temperature is usually lower than the 
true critical temperature for Type I systems, so both liquid 
and vapor phases can exist at pseudoreduced temperatures 
greater than unity. Under all conditions, but particularly in 
this region, it is necessary to know the existing phase condi- 
tions before selecting the appropriate property correlation 
from this chapter. If doubt exists, obtain the vapor-liquid 
equilibrium conditions for the operating temperature and 
pressure from Chapter 8 to determine whether the desired 
mixture is in the vapor, liquid, or vapor-liquid equilibrium 
state. In the last case, the two phases must be treated sepa- 
rately, and the phase compositions and amounts must first 
be calculated from Chapter 8. 

2. Mixtures of Undefined Composition: For petro- 
leum fractions, the composition is generally not known, so 
the mixture correspondence equations cannot be used. The 
pseudocritical conditions from Chapter 4 are used instead, 
but they are subject to the restrictions outlined in the previ- 
ous section. In order to apply any mixing rules to petroleum 
fractions, it is necessary to characterize the proportion and 
nature of the mixture constituents by the various average 
boiling points and a characterization factor. These approxi- 
mations limit the usefulness of the existing correlations for 
the effect of pressure on the thermal properties of petroleum 
fractions. 
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In working with petroleum fractions, the effect of tem- 
perature on thermal properties is also difficult to estimate 
reliably. Pure hydrocarbon and defined mixture data are 
available, but they must be correlated for use with petro- 
leum fractions in terms of a characterization factor and the 
API gravity. This invariably increases the uncertainty in the 
results, particularly for fractions containing appreciable 
amounts of aromatic and unsaturated constituents, neither of 
which correlate well with these parameters. 

In spite of all the uncertainties in predicting the tem- 
perature and pressure effects on the thermal properties of 
petroleum fractions, the existing correlations reproduce 
experimental data for straight-run petroleum fractions rather 
well. The correlations are not reliable at conditions near the 
critical point, however. 


Reliability of the Correlations 


All the correlations in this chapter are least accurate in 
the immediate critical region. Generally, separate errors are 
quoted for both the critical and distant regions, but the tran- 
sition from one set of errors to the other is obviously not 
sharp. Judgment must be exercised in estimating the reli- 
ability of a given predicted value. As an aid, the regions of 
maximum uncertainty are indicated on the figures when 
possible. These are characterized by behavior such that a 
small change in (reduced) temperature or pressure causes an 
appreciable change in the thermal property. 


Calculation of Enthalpy 


Since enthalpy is a relative quantity, its value is set equal 
to zero at zero absolute temperature in the ideal gas state. 
This is in line with API Project 44, TRC Tables, and many 
other related reference books. 

Ideal gas enthalpies for 180 hydrocarbons can be 
obtained from Procedure 7A1.1. Equations are given with 
the appropriate coefficients for calculating these enthalpies 
on the basis used in this book. Procedure 7H1.1 illustrates 
use of the enthalpies to estimate the heat effects in reacting 
systems. 

Enthalpy-temperature diagrams for 17 pure hydrocarbons 
are presented in Section 7B1, and enthalpy-entropy (Mol- 
lier) diagrams for 7 of the same hydrocarbons are given in 
Section 7B2. Either set may be used to determine the en- 
thalpy of a pure hydrocarbon in the liquid or real gas state, 
although the Mollier diagrams are useful primarily for com- 
pression or expansion calculations. It is not recommended 
that the enthalpies of defined hydrocarbon mixtures be 
estimated by the weight average of the pure-component 
enthalpies from these enthalpy charts. As described, this 
approach entirely neglects heats of mixing, which can be 
large for mixtures of wide-boiling hydrocarbons or mem- 
bers of different homologous series. 
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For pure hydrocarbons other than the 17 for which 
enthalpy-temperature diagrams are presented, the liquid and 
real gas enthalpies are to be calculated using Procedure 
7B3.1 for desk calculation or Procedure 7B3.7 for computer 
calculation. This procedure involves adding a pressure 
effect estimated by using the theorem of corresponding 
states to the ideal gas enthalpies from Procedure 7A1.1. For 
defined mixtures, the approach is modified using a mixture 
correspondence point as described in Procedure 7B4.1. 

For petroleum fractions, the equations of Lee and Kesler 
(43) provide accurate desk and computer methods. Pro- 
cedure 7B4.2 is represented by a set of figures for low 
pressure, vapor and liquid enthalpies and an equation for 
pressure correction. To apply the pressure correction equa- 
tion to a petroleum fraction, the necessary pseudocritical 
properties and characterization parameters must be obtained 
from Chapters 4 and 2, respectively. Procedure 7B4.7 is the 
corresponding computer method. 


Calculation of Heat of Vaporization 


A correlating equation and coefficients for calculating 
heat of vaporization at various temperatures for all com- 
pounds in Table 7A1.2 for which experimental heat of 
vaporization data are available are given in Procedure 7C1.1 
and Table 7C1.2. 

The heats of vaporization of a number of pure hydrocar- 
bons are plotted directly in Figures 7C1.3 through 7C1.14. 
When experimental! data for any desired pure hydrocarbon 
are not given, the general method of prediction, using Fig- 
ure 7C1.15 is to be used. Figure 7C1.15, which is based on 
the Lee-Kesler enthalpy departure equations, is quite accu- 
rate. As presented in the procedure, extrapolations to low 
temperatures are best made using the Watson Equation (81). 
The Lee-Kesler enthalpy departure equations are also rec- 
ommended for computer calculation of heat of vaporization 
in Procedure 7C1.16. 

For mixtures, heat of vaporization predictions are consid- 
erably more complex. The vaporization may take place at 
constant composition with temperature or pressure varying 
(isobaric integral and isothermal integral, respectively), or 
at constant temperature and pressure with composition 
varying (differential heat of vaporization). All three cases 
require a knowledge of the vapor-liquid equilibrium 
involved. For isobaric integral heats of vaporization, dew- 
and bubble-point temperatures must be known; for iso- 
thermal integral, dew- and bubble-point pressures; and for 
differential, the composition of the liquid and vapor phases. 
These conditions must be estimated from Chapter 8 before 
calculating the enthalpy change, as outlined in Procedure 
7C2.1. 

A simplified approach is taken for petroleum fractions. 
For these, the enthalpy charts (Figures 7B4.3 through 
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784.6) which are used to estimate heats of vaporization are 
limited to fractions with ASTM D 86 distillation slopes less 
than two. With this simplification, the narrow-boiling mix- 
tures will vaporize at constant temperature with only a small 
change in pressure. Therefore, isothermal and isobaric inte- 
gral heats of vaporization are approximately equal and may 
be read directly from the enthalpy charts. For differential 
heats of vaporization, equilibrium fiash vaporization data 
are required from Chapter 3 before reading the vapor and 
liquid enthalpies separately from the enthalpy charts. 


Calculation of Heat Capacities 


Three different heat capacities are in common use: iso- 
baric (constant pressure), isochoric (constant volume), and 
saturated (temperature and pressure varying according to 
the vapor pressure relationships). Isochoric heat capacities 
are not used frequently in the petroleum industry except in 
relation to the isobaric heat capacity (the C,/C, ratio), so 
procedures are not given specifically for estimating them. 
(If desired, they may be derived from the heat capacity ratio 
methods.) The heat capacity methods per se are confined to 
isobaric and saturated conditions. 

At temperatures near or below the normal boiling point, 
the saturated and isobaric heat capacities (at approximately 
1 atm) are essentially identical in value. However, large 
differences can appear near the critical point, even where 
the isobaric heat capacity is taken at the saturation (vapor) 
pressure. For this reason, the system under consideration 
should be carefully examined to determine which heat 
capacity should be used. 

Increased pressure increases the heat capacity of gases, 
particularly in the critical region. The magnitude of the 
effect for isobaric heat capacities is easily estimated from 
enthalpy diagrams such as Figure 7B1.1 through 7B1.19, 
where the slope of an isobar is the isobaric heat capacity at 
that pressure. For the liquid phase, the isobaric heat capacity 
is hardly affected by pressure, but a slight decrease occurs 
with increasing pressure. 

As temperature increases, the heat capacities of liquids 
and vapors increase. It is often assumed that the heat capac- 
ity is consistent over a range of temperature, but this 
assumption can be dangerous for wide temperature ranges 
or in the critical region. For wide temperature ranges, a 
graphical integration procedure such as Simpson's rule may 
be applied to a heat capacity-temperature plot to determine 
the average heat capacity. For narrow temperature ranges, 
the mean value is most conveniently taken as the instanta- 
neous heat capacity at the mean temperature. 

For compounds for which the ideal gas heat capacity is 
not listed in Table 7A1.2 or the TRC tables, the recom- 
mended procedure for predicting the ideal gas heat capacity 
is the second-order group-contribution method of Benson 
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(15, 16), Procedure 7A1.6. A computerized version of the 
method, known as the CHETAH program (69, 70), is avail- 
able from the American Society for Testing and Materials. 
This method is accurate for most hydrocarbons; however, 
care must be used in its application, especially in the deter- 
mination of symmetry numbers and number of optical 
isomers (optical isomers are only important when calcu- 
lating entropy). Procedure 7A1.8 allows calculation of 
enthalpies and entropies using the heat capacity data at any 
temperature. 

For gaseous mixtures, the recommended predictive meth- 
ods use ideal gas heat capacity data and the effect of pres- 
sure from a consistent corresponding-states treatment. Ideal 
gas heat capacities may be obtained as described above. 

The corresponding states method for predicting the 
pressure dependence of isobaric heat capacities is given as 
Procedure 7D3.1. Similarly, the isochoric heat capacity and 
the heat capacity ratio, C,/C,, may be estimated using 
Procedure 7E1.1. 

For petroleum fractions, heat capacities for both vapors 
and liquids may be estimated using the equations of Lee and 
Kesler (43) given in Procedures 7D2.2 and 7D4.2. These 
equations are consistent with those used for estimating the 
enthalpy of petroleum fractions. 

For liquid hydrocarbons below their normal boiling 
points, the equations of Hadden (28) are recommended. 
Nomographic representation of this method is given in Fig- 
ure 7D1.7 with equations for computer use in Procedure 
7D1.9. The corresponding states approach, as presented by 
Lee and Kesler (42), is recommended for all liquid hydro- 
carbons above their normal boiling points. This method is 
given for hand and computer use in Procedures 7D1.8 and 
7D1.10, respectively. 

At temperatures between the freezing and normal boiling 
points, experimental heat capacities for selected liquid 
hydrocarbons are to be read from Figure 7D1.1 through 
7D1.6. 

The heat capacities from these sources may be used under 
either saturated or isobaric conditions. Isochoric heat 
capacities of liquid hydrocarbons may be estimated using 
Procedure 7E1.1. 

For liquid hydrocarbon mixtures of known compositions, 
almost no experimental data are available to establish a cor- 
relation. In the absence of anything better, a weight fraction 
combination of pure-component heat capacities is outlined 
in Procedure 7D2.1. 

As indicated previously, many different correlations are 
required to cover all conditions for the three heat capacities 
of pure hydrocarbons, defined mixtures, and petroleum frac- 
tions in both the liquid and gas phases. Although many of 
these cases have been covered, some have not. In all cases, 
however, enthalpies can be predicted from the methods of 
this chapter to estimate the heat effect. In using enthalpies, it 
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is not necessary to distinguish between isobaric, isochoric, 
and saturated conditions except when deriving the values 
from the correlation. For this reason as well as the fact that 
enthalpies are more reliably correlated than heat capacities, 
it is recommended that enthalpies be used in place of heat 
capacities whenever possible, except when the enthalpy 
change is so small that the chart reading errors represent an 
appreciable portion of the total change. In some circum- 
stances, the use of heat capacities cannot be avoided (e.g., 
with dimensionless numbers, other physical property corre- 
lations, and some existing design correlations), but usually 
enthalpies can be used instead. 


Calculation of Entropies 


Entropies of gases are useful in calculations involving 
expansions and compressions, particularly when plotted 
against enthalpy in Mollier charts as given for seven light 
hydrocarbons in Section 7B2. Additional procedures are 
given for the general estimation of entropy to supplement 
these Mollier diagrams. Ideal gas entropies may be obtained 
from Procedure 7A1.1. The basis used throughout this book 
for entropy is zero entropy for the ideal gas at 0 R and 
14.7 psia. 

For compounds not listed in Table 7A1.2 or the TRC 
tables, the recommended procedure for predicting ideal gas 
entropies is the second-order method of Benson, Procedure 
7A1.6, discussed earlier for ideal gas heat capacity. For 
entropy, the method utilizes a symmetry correction which 
must be determined with care. 

Unlike enthalpy and heat capacity, the entropy of an ideal 
gas is affected by pressure. Procedure 7F1.1 gives the ideal 
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and nonideal gas pressure effect for pure hydrocarbon gases 
and high-temperature liquids. This procedure is the inter- 
nally consistent corresponding-states approach. Procedure 
7F1.7 is the corresponding computer procedure. Mixtures of 
known composition are treated in Section 7F2 using the 
mixture correspondence point. If desired, additional Mollier 
diagrams can be prepared for pure or mixed hydrocarbons 
using these procedures and the enthalpy correlations. 


Calculation of Fugacities 


Fugacities of gaseous and high-temperature liquid pure 
hydrocarbons can be predicted using the desk or computer 
procedure in Section 7G1. Both methods are internally con- 
sistent with all the other respective desk and computer pro- 
cedures that are based on the theorem of corresponding 
states. No methods are given for the total fugacity of a gas 
mixture, inasmuch as this quantity is rarely used. Fugacity 
coefficients for components of a mixture are calculated by 
the methods of Chapter 8. 


Calculation of Heat Effects in Reacting Systems 


If heats of formation are not given in Table 7H1.2, 
Chapter 1, or the TRC tables, the recommended predictive 
method is the second-order method of Benson, Procedure 
7A1.7, discussed previously. Differences between experi- 
mental and predicted values average 3.2%. Errors can be 
higher if heat of formation of the compound is close to zero, 
for example in the case of 1-butene. Errors are lower for 
paraffins, naphthenes, diolefins, and acetylenes, and higher 
for olefins and aromatics. 
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PROCEDURE 7A1.1 
THERMAL PROPERTIES OF PURE IDEAL GASES 


Discussion 


The following thermodynamically consistent equations are recommended for the prediction of 
thermal properties of pure ideal gases: 
For the enthalpy, 


H=A +BT +CT2+DT?+£ET*+FT* (7A1.1-1) 


Where: 
H = ideal gas enthalpy at 7, in Btu per lb. 
T = temperature, in degrees Rankine. 
A, B, C, D, E, F = derived coefficients. 


For the heat capacity, 
C, =B+2CT+3DT? + 4ET? + SFT4 (7A1.1-2) 


Where: 
C, = ideal gas heat capacity at constant pressure at 7; in Btu per (Ib) (deg R). 


For the entropy, 


S=Bln(T) +2C6+ 3 pr24 4 eri 4 2 FT*+G (7AL.1-3) 


2 3 


Where: 
S = ideal gas entropy at T and 14.7 psia, in Btu per (1b) (deg R). 
G = derived coefficient. 


Table 7A1.2 gives the coefficents for the above equations. 

Since H = 0 at 0 R for the ideal gas (refer to Introduction), the coefficient A should be ideally zero, 
but the coefficient was allowed to take a value to improve the fit at higher temperatures. By the same 
token, the coefficients B and G for equation 7A1.1-3 must be zero for S = 0 at 0 R and 14.7 psia. But, 
recognizing that In(7) = infinite at T= 0 and entropy difference between 0 and 1 R is very small, S is 
set to zero, for convenience, at 1 R instead of 0 R. 

For convenience, tabulated values for pure ideal gas enthalpy, heat capacity and entropy at various 
temperatures are given in Tables 7A1.3 through 7A1.5 for 180 compounds on the data book bases. 
The values for these compounds were calculated from the above equations and the coefficients in 
Table 7A1.2. 


Procedure 


For the desired compound, use the coefficients from Table 7A1.2 in equations (7A1.1-1), 
(7A1.1-2), and (7A1.1-3). 


143323333 


7A1.1 


7-7 


Information Handling Services, 


2000 


7A1.1 


7-8 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API TDB CHAPTER*? ** HM 0732290 OS3b6%b 527 


COMMENTS ON PROCEDURE 7A1.1 


Purpose 


This procedure, which includes Tables 7A1.2 through 7A1.5, is to be used to calculate the thermal 
properties of ideal gases as a function of temperature. 


Limitations 


This method should be used only within the specified temperature region. Due to the polynomial 
nature of the equations, extrapolations beyond the specified temperature range may lead to large 
errors. 


Reliability 


The enthalpies and entropies are estimated to be reliable to within 1%, and heat capacities to within 
5% within the temperature range of the correlations. Large errors may be encountered if the equations 
are used outside the specified temperature limits. 


Special Comments 


Different enthalpy bases may be used for different compounds in calculations involving only 
physical changes because the effect of the different bases will cancel. 

The heat capacities from this procedure are for isobaric (constant pressure) conditions. The 
isochoric (constant volume) heat capacity may be calculated from the isobaric heat capacity by the 
following equation. 


C,=C,-RM (7A1.1-4) 


Where: 
C, = ideal gas heat capacity at constant pressure, in Btu per (Ib) (deg R). 
C, = ideal gas heat capacity at constant volume, in Btu per (Ib) (deg R). 
R = ideal gas constant, 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, Ib per Ib-mole. 


Literature Sources 


The data were obtained from TRC Thermodynamic Tables—Hydrocarbons and Nonhydrocarbons, 
Thermodynamic Research Center, The Texas A&M University System, College Station, Texas (extant 
1988). For hydrogen sulfide, sulfur dioxide, and ammonia, the data were taken from McBride, et al., 
SP-3001, National Aeronautical and Space Administration, Washington, D.C. (1963). 

Equations (7A1.1-1) through (7A1.1-3) were originally correlated by Passut and Danner, Ind. Eng. 
Chem. Process Des. & Develop. 11 543 (1972). 
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7A1.3 
TABLE 7A1.3 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Trin  HatTpin  —200 0 77 100 ~—-200 300 400 
NONHYDROCARBONS 
1 OXYGEN -370. 19.47 56.41 99.83 116.70 121.77 143.97 166.47 189.33 
2 HYDROGEN -180. 933.22 1543.30 1806.79 1885.71 2229.75 2574.94 2920.95 
3 WATER -370. 38.20 113.49 202.07 236.40 246.70 291.70 337.20 383.28 
4 NITROGEN DIOXIDE -100. 62.83 81.15 95.94 100.47 120.78 142.07 164.31 
5 NITRIC OXIDE 100. 89.49 113.51 131.86 137.33. 161.11 184.96 209.01 
6 NITROUS OXIDE -370. 21.34 64.85 113.50 131.88 137.36 161.14 184.98 209.00 
7 AMMONIA -370. 9.92 28.87 51.59 60.69 63.46 75.80 88.68 102.15 
8 CHLORINE -370. 8.79 25.63 47.11 55.76 58.38 69.94 81.74 93.73 
9 HYDROGEN CHLORIDE -370. 16.63 49.08 87.22 101.90 106.29 125.37 144.49 163.65 
10 HYDROGEN FLUORIDE ~370. 29.44 88.56 158.10 184.86 192.86 227.61 262.38 297.16 
11 HYDROGEN SULFIDE -370. 20.98 60.56 107.37 125.70 131.22 155.51 180.36 205.82 
12 NITROGEN -370. 22.09 64.54 114.06 133.12 138.82 163.64 188.58 213.68 
13. CARBON ~180. 6.96 25.82 37.80 41.81 61.49 84.65 111.02 
14. CARBON MONOXIDE -370. 22.29 64.61 114.11 133.19 138.90 163.81 188.87 214.13 
15 CARBON DIOXIDE -370. 14.22 41.30 76.55 91.50 96.13 117.09 139.38 162.88 
16 SULFUR DIOXIDE -370. 11.18 32.52 59.85 71.10 74.55 89.97 106.10 122.93 
PARAFFINS 

17 METHANE ~370. 44.13 128.27 228.14 268.73. 281.20 337.53 397.76 462.37 
18 ETHANE ~370. 23.81 71.68 139.51 170.28 180.04 225,67 276.68 333.19 
19 PROPANE -370. 16.26 53.67 114.93 144.19 153.57 197,83 247.77 303.31 
20 BUTANE ~100. 79.50 112.96 142.73 152.29 197.37 248.06 304.16 
21 ISOBUTANE 370. 12.37 44.71 103.99 133.15 142.55 187.04 237.34 293.27 
22 PENTANE -100. 82.08 114.97 144.20 153.58 197.90 247.82 303.19 
23 ISOPENTANE -100. 71.49 102.69 131.22 140.48 184.55 234.60 290.31 
24 NEOPENTANE 60. 83.45 106.23 138.21 148.36 195.77 248.45 306.35 
25 HEXANE ~100. 81.65 114.15 143.18 152.53 196.69 246.49 301.71 
26 2-METHYLPENTANE ~100. 71.72 102.90 131.47 140.75 184.98 235.24 291.19 
27. 3-METHYLPENTANE -100. 71.37 101.96 130.09 139.24 182.87 232.51 287.79 
28 2,2-DIMETHYLBUTANE -100. 66.03 97.08 125.50 134.74 178.75 228.87 284.80 
29 n-HEPTANE 100. 81.41 113.75 142.66 151.97 195.98 245.61 300.66 
30 2-METHYLHEXANE -100. 73.08 104.22 132.71 141.96 185.99 235.95 291.50 
31 3-METHYLHEXANE ~100. 71.62 102.26 130.49 139.68 183.52 233.40 288.94 
32 2,4-DIMETHYLPENTANE -100. 65.05 96.48 125.76 135.31 180.93 232.77 29031 
33 n-OCTANE -100. 81.24 113.38 142.21 151.51 195.48 245.12 300.15 
34 2,2-DIMETHYLHEXANE ~100. 67.96 99.05 127.62 136.91 181.20 231.56 287.64 
35 2-METHYLHEPTANE -100. 73.91 105.05 133.52 142.76 186.72 236.61 292.06 
36 2,4-TRIMETHYLPENTANE -100. 62.13 92.79 121.24 130.52 174.87 225.42 281.75 
37 n-NONANE -100. 81.13 112.81 141.44 150.69 194.59 244.27 299.42 
38 n-DECANE -100. 81,02 113.27 141.83 151.01 194.54 243.88 298.85 
39 n-UNDECANE 100. 80.94 113.12 141.64 150.81 194.31 243.62 298.56 
40 n-DODECANE 100. 80.87 112.99 141.48 150.65 194.11 243.40 298.32 
41 n-TRIDECANE 100. 80.82 113.65 142.13 151.25 194.36 243.29 297.97 
42 n-TETRADECANE 100. 80.77 112.80 141.24 150.39 193.82 243.08 297.96 
43 n-PENTADECANE -100. 80.73 112.72 141.14 150.29 193.70 242.94 297.80 
44 n-HEXADECANE -100. 80.70 112.65 141.05 150.20 193.60 242.83 297.68 
45 n-HEPTADECANE -100. 80.66 112.59 140.98 150.12 193.50 242.72 297.56 
46 n-OCTADECANE ~100. 80.63 112.53 140.91 150.05 193.42 242.63 297.46 
47 n-NONADECANE ~100. 80.61 112.48 140.84 149.98 193.34 242.54 297.36 


H=0 for ideal gas atO R. 
Table entries are H in Btu per lb. 
All temperatures are in degrees Fahrenheit. 


7-14 1992 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'235.33 


600 800 1000 1500 


WAOTAM EWN 


API TDB CHAPTER*? xx MM 0732290 0536703 497 


TABLE 7A1.3 (Continued) 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


TEMPERATURE, F 


500 
NONHYDROCARBONS 

212.55 236.16 284.52 334.31 463.61 
3267.59 3614.79 4311.09 5011.00 6790.21 
430.02 477.51 574.95 675.97 945.41 
187.45 211.46 261.80 314.83 455.72 
233.30 257.90 308.14 359.78 494.02 
233.27 257.85 308.06 359.71 493.99 
116.25 130.97 162.28 195,94 288.59 
105.88 118.16 142.99 168.04 230.95 
182.88 202.21 241.22 280.84 383.39 
331.98 366.84 436.80 507.19 686.24 
231.96 258.82 314.80 373.85 534.18 
238.99 264.52 316.39 369.44 507.37 
140.33 172.26 242.80 320.22 530.70 
239.63 265.40 317.84 371.57 511.53 
187.40 212.76 265.32 319.63 

140.42 158.51 196.29 235.74 338.41 
PARAFFINS ; 

531.69 605.89 769.11 951.44 1478.30 
395.17 462.48 612.02 779.07 1252.39 
364.30 430.48 577.19 740.48 1201.11 
365,42 431.56 577.24 738.60 1193.90 
354,58 420.98 567.69 730.47 1188.84 
363.79 429.35 574.15 734.91 1189.08 
351.35 417.39 563.18 725.07 1185.11 
369.36 437.32 587.28 754.35 1233.25 
362.10 427.36 571.21 730.54 1179.11 
352.46 418.70 564.61 726.08 1181.37 
348.37 413.89 558.39 718.60 1172.34 
346.23 412.84 560.32 724,62 1193.16 
360.85 425.89 569.17 727.65 1172.29 
352.28 417.93 562.37 722.04 1171.61 
349.75 415.45 560.04 719,82 1169.40 
353.08 420.63 568.55 731.26 1188.91 
360.30 425.25 568.08 725.72 1166.49 
349.08 415.50 561.86 723.91 1181.53 
352.72 418.22 562.24 721.19 1167.06 
343.47 410.21 557.28 720.30 1183.01 
359.72 424.79 567.63 724.69 

359.11 424.21 566.86 722.94 

358.78 423.82 566.30 722.06 

358.51 423.50 565.82 721.34 

358.10 423.16 565.66 720.84 

358.09 423.02 565.11 720.23 

357.92 422.82 564.84 719.83 

357.78 422.65 564.57 719.40 

357.65 422.49 564.34 719.04 

357.53 422.35 564.13 718.72 

357.42 422.23 563.94 718.43 


H = 0 for ideal gas at OR. 
Table entries are H in Btu per lb. 
All temperatures are in degrees Fahrenheit. 
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2200 


651.13 


1361.29 
665.35 
689.69 
689.60 
435.47 
319.90 
535.24 
948.02 
783.24 
710.64 


717.34 


487.90 


2340.18 
2016.17 
1937.73 
1918.68 
1915.39 
1911.43 
1925.18 
2014.35 
1888.32 
1905.47 
1895.76 
1951.28 
1871.55 
1885.38 
1881.47 
1916.63 
1859.43 
1911.78 
1871.45 
1925.28 
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662.04 
7666.19 
1386.21 

677.81 

701.17 

701.10 

444.64 

325.08 

544.07 

963.45 

798.17 

722.45 

636.36 

729.25 

418.12 

496.95 


2393.59 
2065.22 
1984.33 
1963.30 
1960.37 
1956.01 
1970.51 
2062.74 
1931.82 
1949.74 
1939.69 
1998.05 
1914.43 
1928.95 
1924.79 
1960.50 
1902.11 
1956.49 
1914.51 
1970.36 
1015.66 
1014.00 
1012.18 
1010.67 
1009.55 
1008.33 
1007.36 
1006.57 
1005.82 
1005.16 
1004.56 
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Tinax 


2240. 
1740. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
1740. 
2240. 
1340. 
2240. 


2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240, 
2240. 
2240. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 
1340. 


7-15 


2000 


API TDB CHAPTER*? xx BM O732290 O53b704 723 


300 


7A1.3 
TABLE 7A1.3 (Continued) 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Tin H at Tin ~200 0 77 100 200 
48 n-EICOSANE -100. 80.59 112.44 140.79 149.93 193.28 
NAPHTHENES 
49 CYCLOPENTANE 77. 92.39 92.39 98.99 132.04 
50 METHYLCYCLOPENTANE 80. 103.05 109.42 145.39 
51 ETHYLCYCLOPENTANE 77. 106.27 106.27) 113.74 9150.41 
52. 1,1-DIMETHYLCYCLOPENTANE 77. 102.02 102.02 109.62 146.97 
53 c-1,2-DIMETHYLCYCLOPENTANE TT. 102.99 102.99 110.61 148.03 
54 t-1,2-DIMETHYLCYCLOPENTANE TT. 103.48 103.48 111.14 148.66 
$5 c-1,3-DIMETHYLCYCLOPENTANE 77. 103.65 103.65 111.11 148.16 
56 1-1,3-DIMETHYLCYCLOPENTANE 77. 103.48 103.48 111.14 148.66 
57 n-PROPYLCYCLOPENTANE 77. 108.91 108.91 116.59 154.08 
58 n-BUTYLCYCLOPENTANE TT. 110.98 110.98 118.82 156.98 
59 n-PENTYLCYCLOPENTANE 77. 112.63 112.63 120.59 159,22 
60 n-HEXYLCYCLOPENTANE 77. 113.99 113.99 122.07 161.17 
61 n-HEPTYLCYCLOPENTANE TE 115.11 115.11. 123.26 =162.67 
62 n-OCTYLCYCLOPENTANE 77. 116.04 116.04 124.27 163.98 
63 n-NONYLCYCLOPENTANE 77. 116.86 116.86 125.15 165.12 
64 n-DECYLCYCLOPENTANE Ue: 117.57 117.57 125.91 166.08 
65 n-UNDECANECYCLOPENTANE 77. 118.20 118.20 126.58 166.95 
66 n-DODECYLCYCLOPENTANE 77. 118.73 118.73, 127.16 167.70 
67 n-TRIDECYLCYCLOPENTANE 77. 119.21 119.21 127.68 168.38 
68 n-TETRADECYLCYCLOPENTANE 77. 119.65 119.65 128.15 169.00 
69 n-PENTADECYLCYCLOPENTANE 77. 120.04 120.04 128.57 169.51 
70 n-HEXADECYLCYCLOPENTANE 77. 120.39 120.39 128.95 170.01 
71 CYCLOHEXANE 77. 90.67 90.67 97.68 132.69 
72 METHYLCYCLOHEXANE 77. 96.00 96.00 103.65 141.40 
73° ETHYLCYCLOHEXANE TT. 97.91 97.91 105.86 144.68 
74 c-1,2-DIMETHYLCYCLOHEXANE 77. 96.53 96.53 104.25 142.32 
75 t-1,2-DIMETHYLCYCLOHEXANE 77. 97.88 97.88 105.83 144.71 
76 c-1,3-DIMETHYLCYCLOHEXANE 77. 97,37 97.37 105.19 143.61 
77 «1-1,3-DIMETHYLCYCLOHEXANE 77. 97.44 97.44 105.27 143.66 
78 c-1,4-DIMETHYLCYCLOHEXANE 77. 97.44 97.44 105.27 143.67 
79 «7-1,4-DIMETHYLCYCLOHEXANE 77. 97.58 97.58 105.44 144.02 
80 n-PROPYLCYCLOHEXANE 77. 98.48 98.48 106.62 146.33 
81 n-BUTYLCYCLOHEXANE 77. 101.37 101.37 109.65 149.83 
82 n-PENTYLCYCLOHEXANE 77. 103.76 103.76 112.03 152.27 
83. n-HEXYLCYCLOHEXANE 77. 105.71 105.71 114.09 154.71 
84 n-HEPTYLCYCLOHEXANE 77. 107.41 107.41 115.79 156.46 
85 n-OCTYLCYCLOHEXANE 77. 108.58 108.58 117.19 158.57 
86 n-NONYLCYCLOHEXANE 77. 110.08 110.08 118.61 159.75 
87 n-DECYLCYCLOHEXANE 77. 111.14 111.14 =119.69 160.92 
88 n-UNDECYLCYCLOHEXANE 77. 112.07 112.07 120.69 162.14 
89 n-DODECYLCYCLOHEXANE 77. 112.91 112.91 121.54 163.04 
90 n-TRIDECYLCYCLOHEXANE 77. 113.69 113.69 122.34 163.95 
91 na-TETRADECYLCYCLOHEXANE 77. 114.41 114.41 123.07 164.72 
92. n-HEXADECYLCYCLOHEXANE 77. 115.53 115.53. 124.27 166.18 
OLEFINS 
93. ETHYLENE —100. 102.90 134.21 161.36 169.99 210.26 
94. PROPYLENE —100. 81.25 111.69 138.55 147,15 187.52 


H = 0 for ideal gas at OR. 
Table entries are H in Btu per Ib. 
All temperatures are in degrees Fahrenheit. 
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242.48 


171.81 
187.80 
193.50 
190.86 
191.96 
192.62 
192.10 
192.62 
197.90 
201.38 
204.06 
206.32 
208.18 
209.76 
211.13 
212.27 
213.32 
214.22 
215.04 
215.78 
216.39 
216.99 
174.69 
186.02 
190.06 
187.29 
190.25 
188.82 
188.73 
188.74 
189.34 
192.64 
196.42 
199.02 
201.69 
203.58 
206.05 
207.07 
208.37 
209.71 
210.67 
211.64 
212.47 
214.06 


254.98 
232.69 


1992 


2000 


93 
94 
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TABLE 7A1.3 (Continued) 


ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1} 


TEMPERATURE, F 


500 


357.33 


NAPHTHENES 
269.38 
289.97 
296.96 
296.18 
297.26 
297.86 
297.85 
297.86 
302.58 
306.98 
310.44 
313.20 
315.69 
317.70 
319.43 
320.92 
322.25 
323.39 
324.43 
325.36 
326.18 
326.93 
277.78 
293.67 
298.79 
295.72 
299.44 
297.53 
296.92 
296.92 
298.36 
302.97 
306.93 
309.91 
312.72 
314.94 
317.41 
318.45 
319.97 
321.34 
322.39 
323.45 
324.37 
325.99 


OLEFINS 
357.31 
336.67 


H = 0 for ideal gas at O R. 
Table entries are H in Btu per lb. 
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600 


422.13 


326.23 
348.80 
356.41 
356.64 
357.66 
358.18 
358.42 
358.18 
362.54 
367.32 
371.12 
374.11 
376.82 
379.01 
380.89 
382.53 
383.97 
385.22 
386.34 
387.35 
388.25 
389.07 
337.93 
355.71 
361.27 
358.13 
362.17 
360.05 
359.10 
359.09 
361.13 
365.99 
369.93 
373.07 
375.83 
378.19 
380.42 
381.62 
383.21 
384.52 
385.62 
386.68 
387.64 
389.20 


414.58 
395.03 


800 
563.80 


453.90 
479.90 
488.70 
490.99 
491.80 
492.10 
492.50 
492.10 
495.66 
501.06 
505.43 
508.94 
511.89 
514.37 
516.49 
518.40 
520.01 
$21.43 
522.71 
523.84 
524.89 
525.81 
473.23 
493.96 
500.34 
497.02 
501.73 
499.19 
497.43 
497.43 
500.94 
505.53 
509.32 
512.59 
$15.13 
517.60 
519.17 
520.92 
522.51 
523.67 
524.81 
$25.85 
526.84 
528.24 


540.22 
523.27 


1000 


718.20 


597.64 
626.43 
636.40 
640.70 
641.17 
641.20 
641.29 
641.20 
644.02 
649.90 
654.68 
658.71 
661.74 
664.46 
666.76 
668.86 
670.62 
672.17 
673.56 
674.79 
675.95 
676.95 
625.71 
648.41 
655.49 
651.91 
657.39 
654.51 
651.78 
651.79 
656.98 
660.40 
663.99 
667.14 
669.39 
671.75 
672.61 
675.08 
676.50 
677.51 
678.65 
679.62 
680.56 
681.83 


678.91 
665.02 


1500 


1010.90 
1044,54 
1057.48 
1065.71 
1065.05 
1064.38 


1064.38 
1066.15 
1072.83 
1078.12 
1082.30 
1086.16 
1089.25 
1091.86 
1094.17 
1096.18 
1097.95 
1099.56 
1100.94 
1102.19 
1103.33 
1063.07 
1087.87 
1094.87 
1091.52 
1098.83 
1096.31 
1090.15 
1090.13 
1098.87 
1097.84 
1100.80 
1102.95 
1104.72 
1106.21 
1105.98 
1109.64 
1110.41 
1111.22 
1112.10 
1112.81 
1113.37 
1114.59 


1068.93 
1064.64 


2200 


1677.61 
1714.58 
1732.67 
1741.84 
1739.83 
1738.36 


1738.36 
1741.48 
1748.25 
1753.76 
1756.05 
1761.92 
1764.94 
1767.65 
1770.05 
1772.05 
1773.83 
1775.49 
1776.88 
1778.15 
1779.37 
1762.62 
1785.82 
1790.34 
1789.06 
1797.84 
1798.10 
1785.39 
1785.37 
1797.99 
1791.96 
1793.84 
1794.26 
1794.88 
1795.12 
1796.73 
1797.02 
1797.38 
1796.81 
1797.22 
1797.68 
1798.08 
1797.93 


1688.48 
1700.37 


Information Handling Services, 


H at Trax 


1004.07 


1718.05 
1755.12 
1773.56 
1782.60 
1780.56 
1779.04 

922.31 
1779.04 
1782.32 
1789.05 
1794.58 
1797.07 
1802.68 
1805.67 
1808.37 
1810.79 
1812.76 
1814.53 
1816.18 
1817.55 
1818.84 
1820.05 
1805.04 
1827.73 
1832.62 
1831.02 
1840.06 
1840.24 
1827.24 
1827.24 
1840.44 
1833.96 
1835.85 
1836.09 
1836.48 
1836.60 
1838.54 
1838.46 
1838.76 
1837.98 
1838.37 
1838.84 
1839.30 
1838.89 


1726.73 
1739.37 


7A1.3 


7-17 


2000 


API TDB CHAPTER‘? ** MM 0732290 0536706 STb 


TA1.3 
TABLE 7A1.3 (Continued) 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Teas Hat Tin  —200 ) aT 100 200 300 

95 1-BUTENE —370. 14.56 49.03 104.96 131.57 140.10 180.28 225.52 

96 cis-2-BUTENE -—100. 75.81 103.82 128.86 136.92 175.12 218.34 

97  trans-2-BUTENE -370. 12.93 47.61 106.63 13448 143.34 184.71 230.61 

98 ISOBUTENE 80. 131.64 139.24 180.45 226.73 

99 1-PENTENE -100. 75.85 105.89 132.89 141.60 182.78 229.19 
100 1-HEXENE 80. 134.23 141.92 183.75 230.91 
101 2,3-DIMETHYL-2-BUTENE 77. 121.83 121.83 130.25 170.28 215.66 
102 1-HEPTENE ~100. 77.09 107.57 134.95 143.78 185.55 232.67 
103. 1-OCTENE -100. 77.50 108.07 135.56 144.42 186.39 233.76 
104 1-NONENE -100. T7717 108.44 136.01 144.91 187.02 234.58 
105 1-DECENE -100. 78.03 108.75 136.39 145.31 187.56 235.27 
106 1-UNDECENE -100. 78.21 109.00 136.70 145.64 187.97 235.78 
107 1-DODECENE -100. 78.39 109.21 136.96 145.92 188.36 236.30 
108 1-TRIDECENE -100. 80.15 109.82 137.13 146.02 188.37 236.48 
109 1-TETRADECENE -100. 80.27 109.97 137.31 146.21 188.61 236.79 
110 1-PENTADECENE —100. 80.27 110.07 137.48 146.39 188.87 237.12 
111. 1-HEXADECENE —100. 80.30 110.17 137.62 146.54 189.06 237.36 
112. 1-HEPTADECENE -100. 80.41 110.28 137.74 146.67 189.23 237.58 
113. 1-OCTADECENE —100. 78.95 110.28 137.92 146.82 189.07 237.23 
114. 1-NONADECENE -100. 80.49 110.44 137.96 146.91 189.55 237.98 
115 1-EICOSENE -100. 80.65 110.53 138.04 146.99 189.66 238.14 
116 CYCLOPENTENE 77. 91.50 91.50 97.59 127.98 164.33 
117 CYCLOHEXENE 77. 91.37 91.37 98.51 133.76 175.36 

DIOLEFINS AND ACETYLENES 
118 PROPADIENE -100. 80.20 109.72 135.65 143.91 18245 225.00 
119 1,2-BUTADIENE -370. 13.41 4701 102.39 128.33 136.56 174.98 217.52 
120 1,3-BUTADIENE —100. 67.29 94.97 120.55 128.88 168.53 213.42 
121 2-METHYL-1,3-BUTADIENE -370. 10.70 38.94 91.66 117.63 125.99 165.51 210.01 
122. ETHYNE -370. 33.78 70.55 135.56 165.45 174.81 217.62 263.41 
123 PROPYNE -370. 17.83 55.29 113.48 140.05 148.43 187.20 229.70 
124 1-BUTYNE -370. 13.28 45.44 100.60 126.81 135.16 174.24 217.65 
AROMATICS 

125 BENZENE 77. 78.43 78.43 84.33. 113.43 147.71 
126 TOLUENE -100. 44.67 65.25 84.87 91.34 122.60 158.68 
127 ETHYLBENZENE -370. 7.86 29.59 69.86 90.49 97.23, 129.67 167.13 
128 m-XYLENE 0. 69.56 69.56 89.64 96.27 128.32 165.31 
129. o-XYLENE 0. 73.44 73.44 94.78 101.74 135.04 173.00 
130 p-XYLENE 0. 69.10 69.10 89.19 95.85 128.06 165.30 
131 n-PROPYLBENZENE -370. 7A2 30.45 74.38 96.44 103.59 137.72 176.68 
132 1,2,3-FRIMETHYLBENZENE -100. 48.60 72.48 94.74 102.01 136.79 176.43 
133 :1,2,4-TRIMETHYLBENZENE -100. 50.54 74.43 96.03 103.03 136.42 174.61 
134 1,3,5-TRIMETHYLBENZENE -100. 50.35 73.54 94.85 101.79 134.94 172.80 
135 n-BUTYLBENZENE 77, 101.67 101.67 108.89 143.79 184.03 
136 m-CYMENE 77. 95.11 95.11 102.41 137.48 177.66 
137 o-CYMENE 77. 99.09 99.09 106.62 142.54 183.40 
138 p-CYMENE 77. 95.72 95.72 102.96 137.78 177.71 
139 n-PENTYLBENZENE 77. 105.17 105.17 112.55 148.19 189.25 
140 n-HEXYLBENZENE 77. 108.14 108.14 115.66 151.96 193.73 
141 n-HEPTYLBENZENE 77. 110.66 110.66 118.29 155.12 197.48 


H = 0 for ideal gas at 0 R. 
Table entries are H in Btu per Ib. 


All temperatures are in degrees Fahrenheit. 
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7A1.3 
TABLE 7A1.3 (Continued) 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
500 600 800 1000 1500 2200 H at Thax tae 
95 330.77 390.35 521.90 667.48 1073.88 1720.53 1761.97 2240 
96 319.21 376.46 503.25 644.49 1045.20 1685.39 1724.94 2240 
97 335.43 394.02 522.69 665.33 1071.69 1714.53 1752.45 2240 
98 333.22 392.82 523.28 666.93 1071.76 1248.46 1700. 
99 336.63 397.06 529.71 675.92 1085.19 1731.69 1771.46 2240 
100 339.77 400.77 534.35 681.45 1095.63 1752.17 1791.64 2240 
101 321.12 380.56 311.31 655.94 927.62 1340. 
102 341.90 403.38 538.27 686.65 1099.02 1745.15 1785.19 2240 
103 343.61 405.44 541.07 690.15 1103.47 1749.66 1789.81 2240. 
104 344.88 406.96 543.14 692.72 1106.84 1753.19 1793.40 2240 
105 345.96 408.26 544.86 694.81 1109.37 1755.80 1796.07 2240 
106 346.73 409.19 546.13 696.45 1111.59 1758.02 1798.33 2240. 
107 347.53 410.13 $47.34 697.89 1113.40 1759.81 1800.10 2240. 
108 348.31 411.16 548.65 699.15 1114.57 1761.17 1801.00 2240. 
109 348.77 411.73 549.43 700.14 1115.89 1762.47 1802.31 2240. 
110 349.28 412.33 $50.23 701.13 1117.11 1763.66 1803.55 2240. 
111 349.61 412.73 550.79 701.86 1118.12 1764.80 1804.75 2240. 
112 349.97 413.16 551.36 702.55 1118.90 1765.86 1805.88 2240. 
113 350.47 414.60 554.32 703.72 1082.52 1668.27 1713.90 2240. 
114 350.57 413.87 552.31 703.72 1120.42 1767.48 1807.55 2240. 
115 350.86 414.21 552.73 704.20 1121.07 1767.89 1807.84 2240. 
116 253.02 304.49 419.74 549.08 919.27 1512.92 1548.82 2240. 
117 275.16 332.29 458.66 598.66 993.36 1618.48 1656.02 2240. 
DIOLEFINS AND ACETYLENES 
118 320.92 373.72 487.68 611.25 952.43 1485.66 1517.85 2240 
119 314.34 368.22 485.76 614.67 974.07 1539.18 1573.83 2240. 
120 317.06 374.93 500.72 637.53 1013.02 1593.38 1628.64 2240. 
121 312.89 370.62 496.81 634.81 1014.38 1614.84 1653.43 2240. 
122 362.13 414.36 523.41 637.62 943.14 1411.22 1438.55 2240. 
123 325.17 377.72 491.22 614.22 951.27 1481.23 1514.66 2240. 
124 316.58 371.57 491.15 621.50 980.73 1547.30 1583.02 2240. 
AROMATICS 

125 229.54 276.14 378.71 491.62 807.06 1301.65 1331.19 2240. 
126 243.93 292.40 399.38 517.62 848.61 1368.86 1400.62 2240. 
127 256.20 307.09 419.32 542.59 770.98 1340. 
128 252.57 302.11 411.39 532.27 872.54 1410.27 1442.74 2240. 
129 261.56 311.54 421.41 542.69 883.83 1422.93 1455.48 2240. 
130 253.21 303.11 413.09 534.61 876.17 1415.18 1447.69 2240. 
131 268.47 320.78 436.59 564.85 921.35 1479.81 1515.18 2240. 
132 268.89 321.01 435.40 561.37 914.13 1469.90 1503.56 2240. 
133 264.81 316.37 430.81 557.93 912.40 1470.93 1506.56 2240. 
134 261.69 312.20 423.90 547.89 897.21 1449.67 1483.57 2240. 
135 278.73 332.38 450.41 580.62 945.94 1521.00 1555.57 2240. 
136 271.77 324.93 441.78 $70.64 932.37 1500.92 1534.98 2240, 
137 278.40 331.85 449.08 578.17 940.40 1509.56 1543.60 2240, 
138 271.28 324.19 440.54 568.94 929.80 1497.73 1531.77 2240. 
139 285.76 340.38 460.43 592.72 963.16 1544.54 1579.44 2240. 
140 291.83 347,29 469.11 603.18 977.91 1564.38 1599.55 2240. 
141 296.88 353.05 476.32 611.89 990.26 1581.05 1616.44 2240. 

H = 0 for ideal gas atOR. 

Table entries are H in Btu per lb. 

All temperatures are in degrees Fahrenheit. 
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API TDB 
7A1.3 
TABLE 7A1.3 (Continued) 
ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
COMPOUND NAME 4 ee H at Tain —200 ) 
142 n-OCTYLBENZENE 77. 112.79 
143. STYRENE 77. 86.17 
144 alpha-METHYLSTYRENE 77. 91.88 
145 cis-B-METHYLSTYRENE 77. 91.88 
146 trans-B-METHYLSTYRENE TT. 90.40 
DIAROMATICS AND OTHER HYDROCARBON RINGS 
147 cis-DECALIN 77. 79.81 
148  trans-DECALIN 77. 80.62 
149 TETRALIN —100. 38.71 58.92 
150 INDAN —100. 39.09 58.61 
151 INDENE -100. 36.95 55.94 
152 BIPHENYL —100. 37.26 56.30 
153) NAPHTHALENE -100. 34.02 52.00 
154. 1-METHYLNAPHTHALENE -100. 37.13 57.24 
155 2-METHYLNAPHTHALENE —280. 13.11 22.12 57.38 
156 ANTHRACENE —100. 32.64 51.01 
157 PHENANTHRENE —100. 31.61 50.04 
158 PYRENE 32. 53.05 
159 CHRYSENE 77. 63.98 
160 TRIPHENYLENE 77. 59.57 
161 BENZANTHRACENE 77. 67.65 
162 ACENAPHTHENE -100, 32.85 $1.75 
163 FLUORENE ~100. 31.95 49.28 
164 DIBENZANTHRACENE 77. 66.65 
165 NAPHTHACENE 32. 57.53 
166 ACENAPHTHYLENE -100. 32.35 49.84 
OXYGENATED COMPOUNDS 

167 METHANOL -100. 98.83 128.82 
168 ETHANOL -100. 79.66 108.11 
169 n-PROPANOL —100. 71.92 100.01 
170 i-PROPANOL —370. 12.73 43.35 97.70 
171 n-BUTANOL —100. 66.09 94.31 
172 sec-BUTANOL 370. 10.75 42.22 98.33 
173 tert-BUTANOL -370. 10.04 38.36 94.02 
174. PHENOL —-100. 41.04 60.95 
175 METHYL ETHYL KETONE —100. 70.33 99.72 
176 ETHYL METHYL ETHER -100. 73.29 104.58 
177 DIETHYL ETHER —100. 71.57 103.35 
178 METHYL tert-BUTYL ETHER -100. 58.39 86.79 
179 tertt-AMYL METHYL ETHER 80. 159.90 
180 DITSOPROPYL ETHER 80. 151.12 


H = 0 for ideal gas at 0 R. 
Table entries are H in Btu per Ib. 


CHAPTER*? ** MM 0732290 0536708 3775 


All temperatures are in degrees Fahrenheit. 
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TEMPERATURE, F 


77 


112.79 
86.17 
91.88 
91.88 
90.40 


79.81 
80.62 
78.61 
77.51 
74.12 
74.68 
69.57 
76.38 
75.99 
68.79 
67.97 
63.29 
63.98 
59.57 
67.65 
70.16 
66.39 
66.65 
68.19 
66.73 


153.58 
133.09 
125.02 
123.88 
119.80 
125.25 
121.27 

79.83 
125.04 
131.71 
131.05 
112.22 


100 


120.52 
92.71 
98.77 
98.77 
97.33 


86.57 
87.43 
85.15 
83.79 
80.12 
80.76 
75.42 
82.68 
82.10 
74.68 
73.92 
68.92 
69.74 
65.07 
73.53 
76.27 
72.10 
72.31 
74.05 
72.33 


161.29 
141.07 
133.04 
132.25 
128.03 
133.84 
130.00 

86.03 
133.05 
140.32 
139.86 
120.40 
167.58 
158.73 


Information Handling Services, 


200 


157.78 
124.31 
131.72 
131.72 
130.56 


120.34 
121.32 
117.04 
114.31 
109.16 
110.21 
103.86 
113.06 
111.54 
103.21 
102.74 

96.32 

97.85 

92.16 
102.22 
105.92 
100.03 
100.07 
102.57 

99.47 


196.54 
178.45 
170.87 
171.58 
167.02 
174.12 
170.95 
115.81 
170.28 
180.43 
181.03 
159.06 
209.24 
199.87 


300 


200.64 
160.66 
169.23 
169.23 
168.43 


160.84 
161.86 
154.17 
149.85 
142.75 
144.24 
136.92 
147.99 
145.58 
136.22 
136.05 
128.13 
130.58 
124.03 
135.50 
140.23 
132.65 
132.57 
135.65 
130.91 


234.80 
220.12 
213.33 
215.50 
211.01 
218.96 
216.54 
149.82 
211.33 
224.82 
226.73 
202.58 
256.05 
245.90 


1992 


2000 


179 
180 


API TDB CHAPTER*? x** MM 0732290 0536709 205 


500 600 800 
301.19 357.97 482.52 
245.69 293.51 397.98 
256.48 305.53 412.92 
256.48 305.53 412.92 
256.46 305.87 413.88 

DIAROMATICS AND OTHER HYDROCARBON RINGS 
259.80 317.21 445.59 
260.93 318.46 447.03 
242.66 293.24 405.22 
234.64 283.19 390.86 
222.27 267.54 367.50 
224.43 269.86 369.63 
215.29 259.85 357.95 
230.00 276.38 378.23 
226.55 272.89 375.42 
214.08 258.19 355.05 
214.39 258.64 355.59 
203.27 245.82 339.12 
207.94 251.67 347.38 
199.99 243.18 338.04 
213.80 257.92 354.25 
221.13 266.94 367.53 
210.39 254.76 352.68 
209.65 253.31 348.90 
213.54 257.50 353.64 
205.36 247.69 340.97 

OXYGENATED COMPOUNDS 
320.73 368.42 472.83 
315.69 369.15 486.27 
311.28 366.30 487.08 
316.19 372.44 495.21 
312.82 370.04 495.54 
321.52 378.78 503.99 
320.52 378.37 504.56 
228.88 273.18 369.63 
304.38 356.07 468.79 
325.85 382.14 505.25 
331.13 389.42 517.10 
303.27 359.97 484.73 
363.64 423.72 554.88 
351.35 410.17 538.58 


H = 0 for ideal gas atO R. 
Table entries are H in Btu per lb. 


All temperatures are in degrees Fahrenheit. 
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TABLE 7A1.3 (Continued) 


ENTHALPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


TEMPERATURE, F 


1000 


619.38 
512.34 
530.89 
530.89 
532.35 


590.76 
529.28 
510.37 
477.95 
479.25 
465.94 
490.25 
488.49 
461.36 
461.83 
441.40 
452.08 
442.14 
459.40 
478.10 
460.64 
453.33 
458.76 
443.74 


588.23 
615.22 
620.35 
629.61 
633.75 
641.81 
643.26 
474.67 
592.58 
640.92 
657.89 
622.84 
698.81 
679.71 


1500 


1000.76 
830.59 
860.41 
860.41 
863.22 


877.07 
845.63 
786.38 
783.51 
765.88 
802.16 
799.04 
755.58 
756.20 
724.54 
TAL 82 
731.06 
750.03 
785.88 
760.51 
741.22 
749.44 
729,24 


913.93 
976.41 
994.55 
1001.38 
1020.58 
1028.71 
1033.89 
763.64 
939.31 
1023.16 
1054.23 
1012.78 
1101.93 
1076.78 


2200 


1595.21 
1328.32 
1375.83 
1375.83 
1380.49 


1424.10 
1372.78 
1268.74 
1256.93 
1232.79 
1289.22 
1286.84 
1211.53 
1212.32 
1163.08 
1191.47 
1180.04 
1200.90 
1264.75 
1226.69 
1191.58 
1199.49 
1172.38 


1432.70 
1547.26 
1587.24 
1580.91 
1631.59 
1636.74 
1644.69 
1210.59 
1486.64 
1628.58 
1680.04 
1629.27 
1736.82 
1707.38 


Information Handling Services, 


H at Thax 


1630.80 
1357.95 
1406.67 
1406.67 
1411.20 


$74.29 

863.36 
1457.55 
1405.13 
1298.19 
1285.62 
1261.18 
1318.71 
1318.75 
1239.20 
1239.64 
1189.42 
1218.33 
1206.85 
1227.74 
1293.43 
1255.12 
1219.13 
1226.33 
1199.29 


1464.88 
1582.34 
1623.62 
1616.67 
1669.04 
1673.32 
1680.36 
1237.53 
1520.02 
1665.26 
1717.93 
1666.56 
1774.90 
1745.34 


7A1.3 
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7A1.4 
TABLE 7A1.4 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Trin Cp atTryn  —200 0 77 100 200 300 400 
NONHYDROCARBONS 
1 OXYGEN 370. 0.2187 0.2165 0.2184 0.2200 0.2206 ~=—:0.2234-»«-0.2267 0.2304 
2 HYDROGEN -180. 3.3597 3.4140 3.4294 3.4332 3.4468 3.4564 3.4635 
3 WATER -370. 0.4444 0.4420 0.4447 -:0.4471:-«0.4480 «0.4523 0.4577 0.4640 
4 NITROGEN DIOXIDE -100. 0.1783 0.1882 0.1959 0.1981 0.2080 0.2177 0.2270 
5 NITRIC OXIDE 100. 0.2418 0.2389 0.2379 0.2378 0.2380 0.2394 0.2416 
6 NITROUS OXIDE -370. 0.2647 0.2486 0.2395 :0.2381_-—:0.2379 «0.2379 «0.2391 0.2413 
7 AMMONIA 370. 0.1124 0.1115 0.1166 0.1198 0.1209 0.1260 0.1317 0.1378 
8 CHLORINE 370. 0.0946 0.1033. 0.1111 «0.1136 0.1142 0.1168 0.1190 0.1208 
9 HYDROGEN CHLORIDE 370. 0.1911 0.1908 0.1906 0.1907 0.1907 0.1910 0.1914 0.1920 
10 HYDROGEN FLUORIDE 370. 0.3477 —-0.3478-—«0.3476 «0.3476 «(0.3476 «(0.3476 0.3477 0.3480 
11 HYDROGEN SULFIDE 370. 0.2342 0.2325 0.2366 0.2395 0.2405 0.2456 0.2514 0.2579 
12 NITROGEN 370. 0.2515 —0.2483.--0.2473-««0.2476 0.2478 -—-0.2487 «0.2502 0.2520 
13. CARBON ~180. 0.0683 0.1407 0.1701 0.1787 0.2146 0.2481 0.2789 
14. CARBON MONOXIDE -370. 0.2505 0.2479 0.2476 «(0.2482 «0.2484 «0.2497 0.2516 0.2538 
15 CARBON DIOXIDE 370, 0.1561 0.1650 0.1889 0.1995 0.2027 0.2165 0.2292 0.2404 
16 SULFUR DIOXIDE 370. 0.1213 0.1302 0.1434 0.1489 0.1506 0.1578 0.1649 0.1716 
PARAFFINS 
17 METHANE -370. 0.5081  0.4893-0.5169 0.5384 0.5457 0.5819 0.6236 0.6692 
18 ETHANE 370. 0.2669 0,3023«-«0,3812 0.4185 0.4302 0.4829 0.5375 0.5926 
19 PROPANE -370. 0.1871 0.2565 0.3587 0.4014 0.4143 0.4710 0.5276 0.5830 
20 BUTANE 100. 0.3052 0.3640 0.4089 0.4222 0.4792 0.5343 0.5872 
21 ISOBUTANE -370. 0.1441 0.2378 »—«0.3558-—«0.4017-—«0.4154—:0.4742—«0.5315 0.5867 
22 PENTANE 100. 0.3004 0.3575 0.4016 0.4148 0.4714 0.5268 0.5802 
23 ISOPENTANE -100. 0.2782 0.3454 0.3952 0.4098 0.4711 0.5293 0.5843 
24 NEOPENTANE 60. 0.3642 0.3952 0.4355 0.4476 0.5005 0.5531 0.6048 
25 HEXANE -100. 0.2954 0.3545 0.3996 0.4129 0.4701 0.5255 0.5785 
26 2-METHYLPENTANE 100. 0.2773 0.3457 0.3962 0.4110 0.4730 0.5316 0.5867 
27 3-METHYLPENTANE -100. 0.2713 0.3399 0.3904 0.4051 0.4669 0.5252 0.5799 
28 2,2-DIMETHYLBUTANE -100. 0.2768 0.3439 0.3941 0.4088 0.4711 0.5307 0.5873 
29 n-HEPTANE 100. 0.2939 0.3529 0.3980 0.4114 0.4685 0.5238 0.5767 
30 2-METHYLHEXANE 100. 0.2773 0.3449 0.3949 0.4094 0.4705 0.5282 05823 
31 3-METHYLHEXANE 100. 0.2712 0.3409 0.3921 0.4070 0.4692 0.5277 0.5824 
32 2,4-DIMETHYLPENTANE -100. 0.2751 0.3524 0.4075 0.4232 0.4882 0.5478 0.6023 
33 n-OCTANE 100. 0.2912 0.3515 0.3973 0.4108 0.4684 0.5238 0.5765 
34 2,2-DIMETHYLHEXANE -100. 0.2761 0.3453 0.3964 0.4113 0.4738 0.5328 0.5882 
35 2-METHYLHEPTANE -100. 0.2776 0.3447 0.3944 0.4089 0.4698 0.5273 0.5812 
36 2,4-TRIMETHYLPENTANE -100. 0.2698 0.3427 0.3958 0.4111 0.4752 0.5351 0.5909 
37 n-NONANE -100. 0.2855 0.3481 0.3953 0.4093. 0.4683. 0.5247 0.5779 
38 n-DECANE -100. 0.2969 0.3492 0.3928 0.4061 0.4645 0.5220 05769 
39 n-UNDECANE -100. 0.2960 0.3487 0.3924 0.4057 0.4642 0.5217 0.5765 
40 n-DODECANE -100. 0.2952 0.3482 0.3920 0.4054 0.4639 0.5215 0.5762 
41 n-TRIDECANE 100. 0.3081 0.3505 0.3901 0.4027 0.4600 0.5184 0.5748 
42 n-TETRADECANE -100. 0.2940 0.3474 0.3915 0.4049 0.4636 0.5212 0.5758 
43 n-PENTADECANE 100. 0.2936 0.3471 0.3913 0.4047 0.4634 0.5210 (0.5756 
44 n-HEXADECANE -100. 0.2932 0.3469 0.3911 0.4046 0.4633 0.5209 0.5755 
45 n-HEPTADECANE -100. 0.2928 0.3466 0.3909 0.4044 0.4632 0.5208 0.5753 
46 n-OCTADECANE -100. 0.2925 0.3464 0.3908 0.4043 0.4631. -0.5207_(0.5752 
47 n-NONADECANE 100. 0.2922 0.3462 0.3906 0.4041 0.4630 0.5206 0.5751 


Table entries are G in Btu per (1b) (deg R). 
All temperatures are in degrees Fahrenheit. 
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COO IAM PWNS 


1992 


7A14 
TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
500 600 800 1000 1500 2200 C, at Tax Thaax 
NONHYDROCARBONS 
0.2342 0.2330 0.2455 0.2522 0.2637 0.2722 0.2730 2240. 
3.4693 3.4749 3.4891 3.5117 3.6163 3.6842 1740. 
0.4711 0.4788 0.4959 0.5145 0.5632 0.6216 0.6242 2240. 
0.2358 0.2441 0.2589 0.2709 0.2904 0.3107 0.3127 2240 
0.2444 0.2477 0.2547 0.2616 0.2741 0.2863 0.2876 2240. 
0.2442 0.2475 0.2547 0.2617 0.2740 0.2867 0.2881 2240. 
0.1441 0.1504 0.1626 0.1737 0.1956 0.2278 0.2308 2240. 
0.1222 0.1233 0.1248 0,1255 0.1260 0.1293 0.1297 2240 
0.1928 0.1938 0.1964 0.1999 0.2106 0.2208 0.2208 2240. 
0.3484 0.3490 0.3507 0.3534 0.3637 0.3849 0.3862 2240. 
0.2649 0.2723 0.2876 0.3029 0.3372 0.3723 0.3740 2240. 
0.2542 0.2566 0.2622 0.2683 0.2831 0.2951 0.2953 2240. 
0.3067 0.3315 0.3719 0.4005 0.4350 0.4462 1740 
0.2563 0.2591 0.2654 0.2719 0.2873 0.2977 0.2977 2240. 
0.2497 0.2572 0.2675 0.2759 0.3116 1340. 
0.1780 0.1838 0.1935 0.2006 0.2083 0.2252 0.2279 2240. 
PARAFFINS 
0.7174 0.7668 0.8649 0.9569 1.1383 1.3283 1.3422 2240 
0.6468 0.6990 0.7941 0.8736 1.0066 1.2148 1.2379 2240. 
0.6363 0.6869 0.7776 0.8526 0.9776 1.1557 1.1744 2240. 
0.6375 0.6848 0.7698 0.8415 0.9689 1.1099 1.1211 2240, 
0.6391 0.6883 0.7762 0.8491 0.9726 1.1181 1.1314 2240. 
0.6313 0.6795 0.7662 0.8391 0.9661 1.1085 1.1205 2240. 
0.6360 0.6844 0.7713 0.8456 0.9849 1.1289 1.1380 2240 
0.6551 0.7037 0.7943 0.8747 1.0310 1.2039 1.2158 2240. 
0.6287 0.6759 0.7603 0.8307 0.9523 1.0822 1.0929 2240. 
0.6381 0.6860 0.7708 0.8417 0.9693 1.1021 1.1114 2240, 
0.6311 0.6788 0.7639 0.8361 0.9688 1.0946 1.1019 2240 
0.6408 0.6910 0.7816 0.8592 1.0050 1.1638 1.1746 2240 
0.6267 0.6736 0.7568 0.8256 0.9414 1.0666 1.0775 2240. 
0.6327 0.6796 0.7626 0.8319 0.9564 1.0851 1.0940 2240. 
0.6332 0.6802 0.7632 0.8324 0.9559 1.0791 1.0873 2240 
0.6523 0.6981 0.7787 0.8466 0.9757 1.0941 1.0993 2240 
0.6260 0.6722 0.7537 0.8203 0.9317 1.0612 1.0729 2240. 
0.6399 0.6880 0.7733 0.8450 0.9756 1.1130 1.1223 2240. 
0.6314 0.6779 0.7598 0.8275 0.9458 1.0718 1.0813 2240. 
0.6429 0.6912 0.7773 0.8510 0.9906 1.1234 1.1303 2240. 
0.6275 0.6732 0.7525 0.8155 0.8901 1340. 
0.6276 0.6735 0.7497 0.8090 0.9086 1340. 
0.6272 0.6728 0.7485 0.8071 0.9048 1340. 
0.6268 0.6723 0.7475 0.8055 0.9016 1340. 
0.6269 0.6734 0.7475 0.8022 0.9077 1340. 
0.6262 0.6714 0.7460 0.8030 0.8966 1340 
0.6260 0.6712 0.7455 0.8021 0.8939 1340. 
0.6257 0.6708 0.7449 0.8012 0.8929 1340. 
0.6255 0.6705 0.7444 0.8004 0.8913 1340. 
0.6253 0.6703 0.7439 0.7997 0.8899 1340. 
0.6252 0.6701 0.7436 0.7991 0.8886 1340. 
Table entries are G, in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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7A1.4 
TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Tnin Gy atTpin  —200 0 77 100 200 300 400 
48 n-EICOSANE -100. 0.2919 0.3461 0.3905 0.4040 0.4630 0.5205 0.5750 
NAPHTHENES 
49 CYCLOPENTANE 77. 0.2784 0.2784 0.2952 0.3650 0.4294 0.4887 
50 METHYLCYCLOPENTANE 80. 0.3116 0.3257 0.3928 0.4546 0.5116 
51 ETHYLCYCLOPENTANE 77. 0.3167 0.3167 0.3328 0.3997 0.4613 0.5180 
52. 1,1-DIMETHYLCYCLOPENTANE 77. 0.3224 0.3224 0.3389 0.4071 0.4698 0.5274 
53 c-1,2-DIMETHYLCYCLOPENTANE 77. 0.3234 0.3234 0.3398 0.4077 0.4700 0.5273 
54 7-1,2-DIMETHYLCYCLOPENTANE 77. 0.3249 0.3249 0.3411 0.4083 0.4702 0.5270 
55 c-1,3-DIMETHYLCYCLOPENTANE 77. 0.3153 0.3153 0.3333 0.4063 0.4715 0.5297 
56 t-1,3-DIMETHYLCYCLOPENTANE 77. 0.3249 0.3249 0.3411 0.4083 0.4702 0.5270 
57 n-PROPYLCYCLOPENTANE 77. 0.3257 0.3257 0.3416 0.4074 0.4682 0.5241 
58 n-BUTYLCYCLOPENTANE 77. 0.3331 0.3331 0.3487 0.4136 0.4735 0.5288 
59. n-PENTYLCYCLOPENTANE 77. 0.3380 0.3380 0.3536 0.4182 0.4778 0.5327 
60 n-HEXYLCYCLOPENTANE 77, 0.3442 0.3442 0.3592 0.4219 0.4806 0.5351 
61 n-HEPTYLCYCLOPENTANE 77. 0.3466 0.3466 0.3619 0.4254 0.4841 0.5382 
62 n-OCTYLCYCLOPENTANE 77. 0.3500 0.3500 0.3652 0.4283 0.4866 0.5404 
63 n-NONYLCYCLOPENTANE 77. 0.3528 0.3528 0.3679 0.4307 0.4887 0.5422 
64 n-DECYLCYCLOPENTANE TT. 0.3548 0.3548 0.3699 0.4326 0.4905 0.5440 
65 n-UNDECANECYCLOPENTANE TT. 0.3571 0.3571 0.3721 0.4345 0.4921 0.5453 
66 n-DODECYLCYCLOPENTANE 77. 0.3589 0.3589 0.3739 0.4361 0.4935 0.5466 
67 n-TRIDECYLCYCLOPENTANE 77. 0.3607 0.3607 0.3757 0.4376 0.4948 0.5477 
68 n-TETRADECYLCYCLOPENTANE 77. 0.3624 0.3624 0.3772 0.4389 0.4959 0.5486 
69 n-PENTADECYLCYCLOPENTANE 77, 0.3633 0.3633 0.3782 0.4399 0.4969 0.5496 
70 n-HEXADECYLCYCLOPENTANE 77. 0.3646 0.3646 0.3795 0.4410 0.4979 0.5504 
71 CYCLOHEXANE 77. 0.2962 0.2962 0.3135 0.3859 0.4534 0.5162 
72 METHYLCYCLOHEXANE 77. 0.3241 0.3241 0.3414 0.4128 0.4786 0.5391 
73> ETHYLCYCLOHEXANE 77. 0.3378 0.3378 0.3539 0.4217 0.4852 0.5444 
74 e-1,2-DIMETHYLCYCLOHEXANE 77. 0.3267 0.3267 =0.3441 0.4162 0.4824 0.5430 
75 t-1,2-DIMETHYLCYCLOHEXANE 77. 0.3374 0.3374 0.3539 0.4229 0.4872 0.5467 
76 c-1,3-DIMETHYLCYCLOHEXANE 77. 0.3313 0.3313 0.3484 0.4191 0.4843 0.5443 
77 t-1,3-DIMETHYLCYCLOHEXANE 77. 0.3322 0.3322 0.3489 0.4182 0.4824 0.5417 
78 c-1,4-DIMETHYLCYCLOHEXANE 77. 0.3322 0.3322 0.3489 0.4182 0.4824 0.5417 
79 t-1,4-DIMETHYLCYCLOHEXANE 77. 0.3337 0.3337. 0.3504 0.4203 0.4854 0.5459 
80 n-PROPYLCYCLOHEXANE 77. 0.3455 0.3455 0.3621 0.4310 0.4943 0.5525 
81 n-BUTYLCYCLOHEXANE 77. 0.3519 0.3519 0.3680 0.4347 0.4964 0.5533 
82 n-PENTYLCYCLOHEXANE 77. 0.3515 0.3515 0.3680 0.4359 0.4982 0.5553 
83 n-HEXYLCYCLOHEXANE 77. 0.3565 0.3565 0.3725 0.4389 0.4999 05559 
84 n-HEPTYLCYCLOHEXANE 77. 0.3561 0.3561 0.3725 0.4399 0.5015 0.5576 
85 n-OCTYLCYCLOHEXANE 77. 0.3664 0.3664 0.3817 0.4451 0.5036 0.5575 
86 n-NONYLCYCLOHEXANE 77. 0.3633 0.3633 0.3788 0.4431 0.5026 0.5576 
87 n-DECYLCYCLOHEXANE TT. 0.3638 0.3638 0.3795 0.4443 0.5039 0.5588 
88 n-UNDECYLCYCLOHEXANE TT, 0.3670 0.3670 0.3823 0.4459 0.5047 0.5588 
89 n-DODECYLCYCLOHEXANE 77. 0.3674 0.3674 0.3828 0.4465 0.5052 0.5593 
90 n-TRIDECYLCYCLOHEXANE 77. 0.3686 0.3686 0.3839 0.4473 0.5058 0.5597 
91 n-TETRADECYLCYCLOHEXANE 77. 0.3689 0.3689 0.3843 0.4478 0.5064 0.5602 
92 n-HEXADECYLCYCLOHEXANE 77. 0.3726 0.3726 0.3876 0.4497 0.5072 0.5603 
OLEFINS 
93. ETHYLENE —100. 0.2910 0.3354 0.3699 0.3803 0.4251 0.4691 0.5119 
94 PROPYLENE -100. 0.2792 0.3296 0.3680 0.3793 0.4280 0.4751 0.5202 


Table entries are C, in Btu per (1b) (deg R). 
All temperatures are in degrees Fahrenheit. 
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All temperatures are in degrees Fahrenheit. 
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API TDB CHAPTER*? ** HM 0732290 0536713 736 


TABLE 7A1.4 (Continued) 


HEAT CAPACITY OF PURE IDEAL GASES 


(PART OF PROCEDURE 7A1.1) 


500 


0.6251 


NAPHTHENES 
0.5431 
0.5640 
0.5702 
0.5801 
0.5797 
0.5790 
0.5819 
0.5790 
0.5756 
0.5796 
0.5832 
0.5855 
0.5881 
0.5900 
0.5916 
0.5932 
0.5943 
0.5954 
0.5964 
0.5972 
0.5981 
0.5988 
0.5744 
0.5946 
0.5992 
0.5985 
0.6017 
0.5995 
0.5963 
0.5963 
0.6017 
0.6056 
0.6057 
0.6074 
0.6073 
0.6088 
0.6071 
0.6082 
0.6090 
0.6086 
0.6091 
0.6093 
0.6097 
0.6093 


OLEFINS 
0.5530 
0.5632 


143322333 


600 
0.6699 


0.5932 
0.6120 
0.6181 
0.6284 
0.6276 
0.6267 
0.6288 
0.6267 
0.6229 
0.6264 
0.6296 
0.6320 
0.6339 
0.6355 
0.6369 
0.6384 
0.6394 
0.6404 
0.6412 
0.6419 
0.6427 
0.6433 
0.6280 
0.6455 
0.6497 
0.6491 
0.6522 
0.6501 
0.6465 
0.6465 
0.6530 
0.6542 
0.6537 
0.6550 
0.6542 
0.6553 
0.6526 
0.6546 
0.6550 
0.6544 
0.6547 
0.6548 
0.6551 
0.6544 


0.5920 
0.6037 


TEMPERATURE, F 


800 


0.7432 


0.6809 
0.6964 
0.7023 
0.7126 
0.7112 
0.7099 
0.7094 
0.7099 
0.7060 
0.7087 
0.7111 
0.7138 
0.7145 
0.7158 
0.7168 
0.7180 
0.7188 
0.7195 
0.7202 
0.7207 
0.7213 
0.7218 
0.7221 
0.7343 
0.7382 
0.7370 
0.7406 
0.7387 
0.7342 
0.7343 
0.7423 
0.7385 
0.7376 
0.7376 
0.7362 
0.7362 
0.7326 
0.7359 
0.7355 
0.7347 
0.7348 
0.7346 
0.7345 
0.7337 


0.6626 
0.6768 


1000 
0.7985 


0.7543 
0.7668 
0.7726 
0.7823 
0.7804 
0.7790 
0.7768 
0.7790 
0.7755 
0.7777 
0.7794 
0.7817 
0.7821 
0.7831 
0.7839 
0.7847 
0.7853 
0.7859 
0.7865 
0.7869 
0.7873 
0.7877 
0.8002 
0.8078 
0.8107 
0.8095 
0.8135 
0.8122 
0.8069 
0.8069 
0.8154 
0.8079 
0.8068 
0.8057 
0.8042 
0.8032 
0.7998 
0.8035 
0.8024 
0.8017 
0.8015 
0.8011 
0.8007 
0.8002 


0.7225 
0.7388 


1500 


0.8887 
0.8960 
0.9023 
0.9079 
0.9054 
0.9041 


0.9041 
0.9036 
0.9047 
0.9051 
0.9028 
0.9065 
0.9069 
0.9074 
0.9075 
0.9078 
0.9081 
0.9085 
0.9087 
0.9087 
0.9089 
0.9372 
0.9391 
0.9352 
0.9383 
0.9409 
0.9442 
0.9356 
0.9355 
0.9405 
0.9320 
0.9304 
0.9281 
0.9276 
0.9257 
0.9250 
0.9250 
0.9240 
0.9236 
0.9229 
0.9223 
0.9214 
0.9214 


0.8285 
0.8506 


7A1.4 

2200 Coat ead i 

0.8876 1340. 
1.0081 1.0139 2240. 
1.0107 1.0162 2240. 
1.0196 1.0253 2240. 
1.0163 1.0215 2240. 
1.0154 1.0208 2240. 
1.0143 1.0197 2240. 

0.8737 1340. 
1.0143 1.0197 2240. 
1.0184 1.0239 2240. 
1.0172 1.0226 2240. 
1.0179 1.0234 2240. 
1.0217 1.0294 2240. 
1.0165 1.0218 2240. 
1.0157 1.0208 2240. 
1.0155 1.0206 2240. 
1.0158 1.0210 2240. 
1.0153 1.0204 2240. 
1.0150 1.0200 2240. 
1.0147 1.0196 2240. 
1.0144 1.0193 2240. 
1.0147 1.0197 2240. 
1.0147 1.0196 2240. 
1.0569 1.0638 2240. 
1.0453 1.0500 2240. 
1.0529 1.0610 2240. 
1.0465 1.0517 2240. 
1.0521 1.0586 2240, 
1.0510 1.0537 2240. 
1.0435 1.0490 2240. 
1.0440 1.0495 2240. 
1.0571 1.0650 2240. 
1.0469 1.0533 2240. 
1.0467 1.0536 2240. 
1.0426 1.0489 2240. 
1.0374 1.0428 2240. 
1.0344 1.0394 2240. 
1.0423 1.0482 2240. 
1.0332 1.0389 2240. 
1.0319 1.0372 2240. 
1.0268 1.0315 2240. 
1.0265 1.0313 2240. 
1.0265 1.0313 2240. 
1.0277 1.0329 2240. 
1.0218 1.0262 2240. 
0.9511 0.9615 2240. 
0.9707 0.9797 2240. 
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TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME id Reem G, at Trin —200 0 77 100 200 300 400 
95 1-BUTENE -370. 0.1737 0.2351 0.3267 0.3649 0.3765 0.4272 0.4775 0.5266 
96 cis-2-BUTENE —100. 0.2547 0.3055 0.3449 0.3566 0.4073 0.4568 0.5047 
97 trans-2-BUTENE ~370. 0.1616 0.2462 0.3434 0.3798 0.3906 0.4366 0.4812 0.5244 
98 ISOBUTENE 80. 0.3748 0.3857 0.4379 0.4870 0.5330 
99 1-PENTENE -100. 0.2716 0.3291 0.3722 0.3848 0.4384 0.4894 - 0.5377 
100 1-HEXENE 80. 0.3788 0.3903 0.4456 0.4971 0.5449 
101 2,3-DIMETHYL-2-BUTENE 77. 0.3593 0.3593 0.3725 04276 0.4794 0.5278 
102 1-HEPTENE —100. 0.2759 0.3337 0.3773 0.3902 0.4449 0.4972 0.5467 
103. 1-OCTENE —100. 0.2766 0.3348 0.3789 0.3919 0.4471 0.4999 05498 
104 1-NONENE -100. 0.2774 0.3358 0.3802 0.3932 0.4488 0.5019 0.5521 
105 1-DECENE -100. 0.2777 0.3366 0.3812 0.3943 0.4502 0.5036 0.5540 
106 1-UNDECENE —100. 0.2785 0.3373 0.3820 0.3951 0.4511 0.5047 0.5553 
107 1-DODECENE ~100. 0.2786 0.3379 0.3828 0.3960 0.4523 0.5060 0.5567 
108 1-TRIDECENE —100. 0.2628 0.3300 0.3792 0.3934 0.4530 0.5085 0.5598 
109 1-TETRADECENE —100. 0.2631 0.3303 0.3796 0.3939 0.4536 0.5092 0.5606 
110 1-PENTADECENE —100. 0.2643 0.3312 0.3804 0.3947 0.4543 0.5100 0.5615 
111 1-HEXADECENE -100. 0.2651 0.3318 0.3808 0.3951 0.4547 0.5104 0.5620 
112. 1-HEPTADECENE —100. 0.2650 0.3319 0.3811 0.3954 0.4552 0.5110 0.5627 
113. 1-OCTADECENE —100. 0.2901 0.3382 0.3803 0.3934 0.4521 0.5109 0.5670 
114. 1-NONADECENE —100. 0.2658 0.3326 0.3818 0.3961 0.4560 0.5119 0.5637 
115 1-EICOSENE -100. 0.2647 0.3323 0.3819 0.3963 0.4565 0.5125 0.5643 
116 CYCLOPENTENE 77. 0.2575 0.2575 0.2725 0.3345 0.3916 0.4442 
117 CYCLOHEXENE 77. 0.3021 0.3021 0.3185 0.3853 0.4456 0.4999 
DIOLEFINS AND ACETYLENES 
118 PROPADIENE —100. 0.2706 0.3192 0.3542 0.3642 0.4060 0.4445 0.4801 
119 1,2-BUTADIENE -370. 0.1622 0.2337 = 0.3202 =0.3533. 0.3631 =0.4050 0.4456 0.4844 
120 1,3-BUTADIENE —100. 0.2438 0.3088 0.3553 0.3687 0.4235 0.4735 0.5189 
121 2-METHYL-1,3-BUTADIENE -370. 0.1229 0.2103 0.3170 0.3576 0.3695 0.4205 0.4691 0.5149 
122 ETHYNE 370. 0.1554 0.2718 0.3726 0.4030 0.4113 0.4438 0.4711 0.4942 
123 PROPYNE -370. 0.1893 0.2522 0.3300 0.3599 0.3688 0.4066 0.4430 0.4777 
124 1-BUTYNE 370. 0.1502 0.2288 0.3226 0.3580 0.3684 0.4128 0.4551 0.4951 
AROMATICS 
125 BENZENE 77. 0.2497 0.2497 0.2632 «0.3179 0.3666 0.4100 
126 TOLUENE -100. 0.1772 0.2339 0.2753. 0.2873 = 0.3373 (0.3838 ~=—0.4268 
127. ETHYLBENZENE -370. 0.1030 0.1574 0.2486 0.2873 0.2990 0.3497 0.3992 0.4460 
128 m-XYLENE 0. 0.2390 0.2390 0.2821 «0.2945 0.3459 §=0.3933 0.4369 
129 o-XYLENE 0. 0.2568 0.2568 0.2970 0.3086 0.3569 0.4017 0.4433 
130 p-XYLENE 0. 0.2386 0.2386 0.2829 0.2956 0.3480 0.3961 0.4402 
131 n-PROPYLBENZENE -370. 0.1035 0.1732 0.2676 0.3054 0.3167 0.3656 0.4135 0.4594 
132 1,2,3-TRIMETHYLBENZENE -100. 0.2094 0.2677 0.3100 0.3221 0.3727 0.4196 0.4629 
133 1,2,4-TRIMETHYLBENZENE -100. 0.2160 0.2622 0.2988 0.3099 0.3580 0.4055 0.4514 
134 1,3,5-TRIMETHYLBENZENE —100. 0.2062 0.2574 0.2960 0.3073 0.3554 0.4014 0.4449 
135. n-BUTYLBENZENE 77. 0.3072 0.3072 0.3207 0.3765 0.4275 0.4742 
136 m-CYMENE 77, 0.3108 0.3108 0.3237 0.3770 0.4261 0.4711 
137 o-CYMENE 77. 0.3210 0.3210 0.3333 0.3846 0.4319 0.4756 
138 p-CYMENE 77. 0.3083 0.3083 0.3212 0.3744 0.4234 0.4685 
139 n-PENTYLBENZENE 77. 0.3141 0.3141 0.3278 0.3843 0.4360 0.4833 
140 n-HEXYLBENZENE 77. 0.3199 0.3199 0.3338 0.3912 0.4435 0.4912 
141 n-HEPTYLBENZENE 77. 0.3248 0.3248 0.3389 0.3968 0.4496 0.4978 
Table entries are G in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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7A1.4 
TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
500 600 800 1000 1500 2200 C, at Trax Triax 
95 0.5735 0.6176 0.6954 0.7579 0.8571 1.0264 1.0460 2240 
96 0.5505 0.5939 0.6721 0.7382 0.8544 0.9835 0.9942 2240, 
97 0.5659 0.6057 0.6796 0.7454 0.8704 0.9474 0.9485 2240. 
98 0.5758 0.6157 0.6870 0.7479 0.8644 0.9020 1700. 
99 0.5830 0.6250 0.6993 0.7607 0.8670 0.9892 0.9993 2240. 
100 0.5892 0.6303 0.7035 0.7658 0.8828 0.9845 0.9890 2240. 
101 0.5731 0.6152 0.6904 0.7542 0.8393 1340. 
102 0.5930 0.6359 0.7106 0.7708 0.8685 0.9949 1.0074 2240. 
103 0.5964 0.6395 0.7143 0.7739 0.8690 0.9971 1.0103 2240 
104 0.5989 0.6421 0.7170 0.7763 0.8697 0.9985 1.0122 2240. 
105 0.6010 0.6443 0.7190 0.7780 0.8698 0.9999 1.0139 2240 
106 0.6025 0.6459 0.7208 0.7797 0.8703 1.0008 1.0152 2240. 
107 0.6039 0.6474 0.7221 0.7807 0.8707 1.0002 1.0145 2240. 
108 0.6068 0.6496 0.7226 0.7800 0.8722 0.9901 1.0013 2240. 
109 0.6078 0.6506 0.7236 0.7810 0.8725 0.9903 1.0017 2240 
110 0.6087 0.6516 0.7247 0.7818 0.8724 0.9915 1.0033 2240, 
111 0.6093 0.6523 0.7255 0.7827 0.8726 0.9928 1.0049 2240. 
112 0.6100 0.6530 0.7262 0.7831 0.8726 0.9944 1.0067 2240. 
113 0.6183 0.6631 0.7285 0.7600 0.7447 1.1087 1.1737 2240. 
114 0.6111 0.6542 0.7273 0.7842 0.8728 0.9954 1.0081 2240 
115 0.6117 0.6547 0.7277 0.7844 0.8733 0.9927 1.0047 2240. 
116 0.4923 0.5365 0.6136 0.6778 0.7940 0.8950 0.8999 2240 
117 0.5488 0.5929 0.6683 0.7297 0.8408 0.9364 0.9403 2240. 
DIOLEFINS AND ACETYLENES 
118 0.5128 0.5427 0.5953 0.6391 0.7200 0.8022 0.8070 2240. 
119 0.5213 0.5559 0.6178 0.6696 0.7600 0.8619 0.8705 2240. 
120 0.5599 0.5967 0.6588 0.7073 0.7870 0.8778 0.8851 2240. 
121 0.5575 0.5964 0.6630 0.7146 0.7957 0.9556 0.9740 2240. 
122 0.5137 0.5306 0.5588 0.5829 0.6387 0.6839 0.6825 2240. 
123 0.5102 0.5404 0.5930 0.6353 0.7068 0.8294 0.8424 2240. 
124 0.5325 0.5669 0.6268 0.6748 0.7551 0.8861 0.8997 2240. 
AROMATICS 
125 0.4485 0.4828 0.5406 0.5868 0.6686 0.7372 0.7397 2240, 
126 0.4664 0.5025 0.5651 0.6155 0.7005 0.7906 0.7976 2240. 
127 0.4891 0.5278 0.5915 0.6389 0.7054 1340 
128 0.4769 0.5135 0.5773 0.6298 0.7236 0.8095 0.8143 2240. 
129 0.4818 0.5172 0.5796 0.6316 0.7255 0.8113 0.8161 2240. 
130 0.4804 0.5171 0.5807 0.6329 0.7259 0.8104 0.8150 2240 
131 0.5027 0.5429 0.6127 0.6673 0.7482 0.8765 0.8920 2240. 
132 0.5027 0.5391 0.6028 0.6552 0.7482 0.8388 0.8445 2240. 
133 0.4950 0.5356 0.6064 0.6621 0.7452 0.8826 0.8994 2240. 
134 0.4858 0.5239 0.5912 0.6467 0.7416 0.8434 0.8517 2240. 
135 0.5168 0.5555 0.6226 0.6777 0.7757 0.8623 0.8667 2240. 
136 0.5125 0.5503 0.6162 0.6707 0.7683 0.8496 0.8534 2240. 
137 0.5158 0.5527 0.6176 0.6717 0.7695 0.8492 0.8527 2240 
138 0.5098 0.5477 0.6138 0.6686 0.7669 0.8490 0.8528 2240. 
139 0.5263 0.5654 0.6329 0.6881 0.7856 0.8705 0.8748 2240 
140 0.5346 0.5740 0.6418 0.6970 0.7936 0.8771 0.8814 2240. 
141 0.5415 0.5811 0.6493 0.7045 0.8006 0.8824 0.8866 2240. 
Table entries are C, in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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7A1.4 
TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 

COMPOUND NAME Tmin Cp atTmin  ~200 0 77 100 200 300 400 
142 n-OCTYLBENZENE 77. 0.3286 0.3286 0.3429 0.4015 0.4549 0.5035 
143. STYRENE 77. 0.2780 0.2780 0.2904 0.3407 0.3856 0.4258 
144 alpha-METHYLSTYRENE qT; 0.2938 0.2938 0.3053 0.3530 0.3967 0.4368 
145 cis-B-METHYLSTYRENE 77. 0.2938 0.2938 0.3053 0.3530 0.3967 0.4368 
146 trans-B- METHYLSTYRENE 77. 0.2956 0.2956 0.3075 0.3562 0.4005 0.4407 

DIAROMATICS AND OTHER HYDROCARBON RINGS 
147 cis-DECALIN V7: 0.2851 0.2851 0.3021 0.3723 0.4367 0.4956 
148 trans-DECALIN 71. 0.2878 0.2878 0.3042 0.3729 0.4370 0.4962 
149 TETRALIN -100. 0.1707 0.2329 0.2781 0.2912 0.3457 0.3964 0.4431 
150 INDAN -100. 0.1661 0.2240 0.2666 0.2790 0.3308 0.3794 0.4245 
151 INDENE -100. 0.1631 0.2164 0.2553 0.2666 0.3137 0.3576 03981 
152 BIPHENYL -100. 0.1618 0.2182 0.2587 0.2703 0.3181 0.3618 0.4016 
153. NAPHTHALENE 100. 0.1511 0.2077 0.2484 0.2600 0.3082 0.3523 03925 
154. 1-METHYLNAPHTHALENE 100. 0.1731 0.2284 0.2683 0.2798 0.3272 0.3707-:0.4106 
155 2-METHYLNAPHTHALENE 280. 0.0954 0.1302 0.2234 «0.2600 0.2709 «0.3177 «0.3628 «(0.4054 
156 ANTHRACENE 100. 0.1559 0.2109 0.2504 0.2617 0.3084 0.3511 0.3899 
157 PHENANTHRENE -100. 0.1553 0.2124 0.2528 0.2643 0.3114 0.3540 03923 
158 PYRENE 32. 0.2160 0.2390 0.2504 0.2968 0.3387 0.3764 
159 CHRYSENE 7, 0.2440 0.2440 0.2561 0.3051 0.3488 0.3875 
160 TRIPHENYLENE 77. 0.2327 0.2327 0.2452 0.2957 0.3407 0.3806 
161 BENZANTHRACENE 77. 0.2498 0.2498 0.2619 0.3108 0.3540 0.3922 
162 ACENAPHTHENE 100. 0.1591 0.2179 0.2597 0.2716 0.3205 0.3649 0.4051 
163 FLUORENE 100. 0.1444 0.2014 0.2426 0.2544 0.3034 0.3483 0.3894 
164 DIBENZANTHRACENE Th 0.2398 0.2398 0.2521 0.3022 0.3467 0.3862 
165 NAPHTHACENE 32. 0.2247 0.2488 0.2607 0.3088 0.3519 0.3902 
166 ACENAPHTHYLENE 100. 0.1488 0.2004 0.2379 0.2487 0.2935 0.3349 0.3728 

OXYGENATED COMPOUNDS 

167 METHANOL ~100. 0.2888 0.3117 0.3318 0.3382 0.3673 0.3981 0.4296 
168 ETHANOL -100. 0.2619 0.3071 0.3416 0.3518 0.3955 0.4377 0.4782 
169 n-PROPANOL -100. 0.2560 0.3058 0.3435 0.3545 0.4017 0.4470 0.4902 
170 i-PROPANOL -370. 0.1386 0.2220 0.3212 -«-0.3586 «(0.3697 (0.4165 0.4614 0.5039 
171 n-BUTANOL -100. 0.2539 0.3101 0.3518 0.3640 0.4153 0.4639 0.5096 
172 sec-BUTANOL -370. 0.1404 0.2295 0.3308 +=—0.3682-«0.3792-0.4259 0.4706 (0.5132 
173 tert-BUTANOL -370. 0.1108 0.2202 0.3338 -~—«:0.3737:-—«0.3852:«0.4332-«-0.4782 (0.5203 
174 PHENOL 100. 0.1715 0.2258 0.2642 0.2751 0.3197 0.3598 0.3960 
175. METHYL ETHYL KETONE 100. 0.2742 0.3136 0.3439 0.3529 0.3916 0.4292 0.4655 
176 ETHYL METHYL ETHER 100. 0.2905 0.3352 0.3693 0.3794 0.4227 0.4648 0.5054 
177 DIETHYL ETHER -100. 0.2940 0.3416 0.3778 0.3886 0.4346 0.4793 0.5223 
178 METHYL tert-BUTYL ETHER -100. 0.2575 0.3103 0.3500 0.3617 0.4112 0.4587 0.5039 
179 tert-AMYL METHYL ETHER 80. 0.3783 0.3895 0.4430 0.4926 0.5385 
180 DIISOPROPYL ETHER 80. 0.3753 0.3859 0.4364 0.4837 0.5277 


Table entries are G in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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7A1.4 
TABLE 7A1.4 (Continued) 
HEAT CAPACITY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
500 600 800 1000 1500 2200 Cy at Trax aaah 
142 0.5475 0.5874 0.6557 0.7109 0.8062 0.8876 0.8919 2240. 
143 0.4618 0.4940 0.5488 0.5932 0.6739 0.7398 0.7419 2240. 
144 0.4735 0.5070 0.5651 0.6130 0.6980 0.7692 0.7726 2240 
145 0.4735 0.5070 0.5651 0.6130 0.6980 0.7692 0.7726 2240, 
146 0.4773 0.5104 0.5679 0.6153 0.7015 0.7669 0.7689 2240. 
DIAROMATICS AND OTHER HYDROCARBON RINGS 
147 0.5494 0.5982 0.6827 0.7454 980. 
148 0.5503 0.5994 0.6834 0.7517 0.8507 1340. 
149 0.4860 0.5250 0.5923 0.6463 0.7362 0.8325 0.8402 2240. 
150 0.4662 0.5043 0.5702 0.6229 0.7093 0.8047 0.8129 2240. 
151 0.4354 0.4695 0.5280 0.5747 0.6511 0.7328 0.7396 2240. 
152 0.4377 0.4702 0.5254 0.5690 0.6410 0.7144 0.7199 2240, 
153 0.4289 0.4617 0.5172 0.5608 0.6317 0.7067 0.7127 2240. 
154 0.4470 0.4800 0.5366 0.5819 0.6586 0.7345 0.7398 2240. 
155 0.4450 0.4811 0.5416 0.5865 0.6470 0.7883 0.8073 2240. 
156 0.4250 0.4566 0.5099 0.5515 0.6183 0.6888 0.6945 2240. 
157 0.4268 0.4577 0.5098 0.5510 0.6200 0.6814 0.6850 2240. 
158 0.4101 0.4402 0.4908 0.5304 0.5959 0.6565 0.6603 2240. 
159 0.4218 0.4522 0.5029 0.5426 0.6106 0.6701 0.6729 2240. 
160 0.4159 0.4472 0.4993 0.5401 0.6095 0.6688 0.6714 2240. 
161 0.4260 0.4558 0.5055 0.5445 0.6125 0.6699 0.6721 2240. 
162 0.4415 0.4741 0.5298 0.5743 0.6499 0.7152 0.7188 2240. 
163 0.4266 0.4601 0.5168 0.5609 0.6309 0.7075 0.7141 2240. 
164 0.4210 0.4516 0.5020 0.5406 0.6057 0.6859 0.6919 2240. 
165 0.4242 0.4544 0.5049 0.5446 0.6121 0.6697 0.6723 2240. 
166 0.4074 0.4387 0.4920 0.5339 0.6008 0.6701 0.6758 2240. 
OXYGENATED COMPOUNDS 
167 0.4613 0.4924 0.5507 0.6018 0.6929 0.7997 0.8094 2240. 
168 0.5165 0.5525 0.6169 0.6709 0.7657 0.8726 0.8814 2240. 
169 0.5309 0.5690 0.6370 0.6939 0.7944 0.9052 0.9139 2240. 
170 0.5437 0.5806 0.6450 0.6969 0.7814 0.8888 0.8993 2240. 
171 0.5522 0.5917 0.6613 0.7189 0.8199 0.9319 0.9406 2240. 
172 0.5534 0.5912 0.6593 0.7172 0.8216 0.9118 0.9171 2240. 
173 0.5598 0.5967 0.6637 0.7219 0.8322 0.8920 0.8913 2240, 
174 0.4283 0.4571 0.5055 0.5434 0.6068 0.6713 0.6757 2240 
175 0.5002 0.5331 0.5927 0.6437 0.7357 0.8309 0.8380 2240. 
176 0.5443 0.5812 0.6485 0.7066 0.8139 0.9138 0.9200 2240. 
177 0.5633 0.6022 0.6729 0.7334 0.8428 0.9441 0.9507 2240. 
178 0.5466 0.5868 0.6590 0.7203 0.8301 0.9290 0.9352 2240 
179 0.5810 0.6202 0.6895 0.7481 0.8565 0.9497 0.9539 2240 
180 0.5688 0.6070 0.6755 0.7343 0.8467 0.9468 0.9513 2240. 
Table entries are G, in Btu per (1b) (deg R). 
All temperatures are in degrees Fahrenheit. 
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COMPOUND NAME 


NONHYDROCARBONS 


OXYGEN 

HYDROGEN 

WATER 

NITROGEN DIOXIDE 
NITRIC OXIDE 
NITROUS OXIDE 
AMMONIA 

CHLORINE 
HYDROGEN CHLORIDE 
10 HYDROGEN FLUORIDE 
11 HYDROGEN SULFIDE 
12 NITROGEN 

13. CARBON 

14. CARBON MONOXIDE 
15 CARBON DIOXIDE 

16 SULFUR DIOXIDE 


PARAFFINS 
17 METHANE 
18 ETHANE 
19 PROPANE 
20 BUTANE 
21 ISOBUTANE 
22 PENTANE 
23. ISOPENTANE 
24 NEOPENTANE 
25 HEXANE 
26 2-METHYLPENTANE 
27 3-METHYLPENTANE 
28 =2,2-DIMETHYLBUTANE 
29 N-HEPTANE 
30 2-METHYLHEXANE 
31 3-METHYLHEXANE 
32 2,4-DIMETHYLPENTANE 
33 N-OCTANE 
34 2,2-DIMETHYLHEXANE 
35 2-METHYLHEPTANE 
36 2,4-TRIMETHYLPENTANE 
37. N-NONANE 
38 N-DECANE 
39 N-UNDECANE 
40 N-DODECANE 
41 N-TRIDECANE 
42 N-TETRADECANE 
43 N-PENTADECANE 
44 N-HEXADECANE 
45 N-HEPTADECANE 
46 N-OCTADECANE 
47 N-NONADECANE 


OM W|A MA hWN 


S = 0 for ideal gas at O R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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TABLE 7A1.5 


ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


Tin 


SatTrn  -200 0 
1.1428 1.3735 1.4974 
14.2795 15.9610 
1.7105 2.1805 2.4332 
1.1741 1.2189 
1.5815 1.6404 
1.2281 1.5011 1.6402 
0.4447 —-0.5630-—«0.6277 
0.5689 —-0.6732-—«0.7342 
0.8813 «1.0838 ‘1.1926 
1.4534 1.8223 2.0207 
1.0241 1.2713 1.4047 
1.1893 1.4545 1.5958 
1.0387 1.0893 
1.2408 —«*1.5051_— 1.6464 
0.8615 1.0298 1.1296 
0.6937 0.8261 —:0.9037 
1.8853 2.4122 2.6963 
1.2730 1.5686 1.7600 
1.0071 1.2342 1.4061 
1.1326 1.2144 
0.7975 0.9906 1.1565 
1.0195 1.0998 
1.0047 1.0808 
0.8910 0.9440 
0.9400 1.0194 
0.9224 0.9985 
0.9307 1.0053 
0.8604 0.9362 
0.8835 0.9625 
0.8693 0.9453 
0.8842 0.9590 
0.8110 0.8877 
0.8407 0.9191 
0.7720 0.8478 
0.8280 0.9040 
0.7528 0.8276 
0.8079 0.8853 
0.7802 0.8589 
0.7582 0.8367 
0.7398 0.8182 
0.7232 0.8034 
0.7108 0.7890 
0.6992 0.7773 
0.6890 0.7670 
0.6800 0.7579 
0.6720 0.7499 
0.6648 0.7426 
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77 


1.5313 
16.4906 
2.5022 
1.2486 
1.6772 
1.6771 
0.6460 
0.7516 
1.2222 
2.0745 
1.4416 
1.6341 
1.1133 
1.6847 
1.1596 
0.9263 


2.7778 
1.8217 
1.4648 
1.2741 
1.2151 
1.1585 
1.1380 
1.0081 
1.0776 
1.0558 
1.0617 
0.9932 
1.0205 
1.0025 
1.0156 
0.9464 
0.9770 
0.9051 
0.9611 
0.8847 
0.9427 
0.9162 
0.8939 
0.8753 
0.8604 
0.8460 
0.8342 
0.8239 
0.8148 
0.8067 
0.7995 


100 


1.5405 
16.6345 
2.5209 
1.2569 
1.6872 
1.6871 
0.6510 
0.7564 
1.2302 
2.0891 
1.4516 
1.6445 
1.1206 
1.6951 
1.1680 
0.9326 


2.8006 
1.8395 
1.4819 
1.2915 
1.2322 
1.1756 
1.1549 
1.0267 
1.0947 
1.0727 
1.0784 
1.0101 
1.0375 
1.0194 
1.0324 
0.9639 
0.9939 
0.9221 
0.9779 
0.9016 
0.9596 
0.9329 
0.9106 
0.8920 
0.8770 
0.8626 
0.8509 
0.8406 
0.8315 
0.8234 
0.8161 
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200 


1.5770 
17.1998 
2.5949 
1.2902 
1.7263 
1.7262 
0.6713 
0.7754 
1.2615 
2.1462 
1.4915 
1.6852 
1.1528 
1.7360 
1.2024 
0.9579 


2.8930 
1.9143 
1.5545 
1.3654 
1.3051 
1.2482 
1.2272 
1.1044 
1.1671 
1.1452 
1.1500 
1.0822 
1.1096 
1.0915 
1.1042 
1.0387 
1.0660 
0.9947 
1.0500 
0.9743 
1.0315 
1.0041 
0.9817 
0.9630 
0.9474 
0.9337 
0.9219 
0.9116 
0.9024 
0.8943 
0.8870 


300 


1.6087 
17.6869 
2.6590 
1.3202 
1.7599 
1.7598 
0.6894 
0.7920 
1.2885 
2.1952 
1.5266 
1.7204 
1.1854 
1.7714 
1.2336 
0.9806 


2.9778 
1.9860 
1.6247 
1.4368 
1.3759 
1.3185 
1.2977 
1.1786 
1.2372 
1.2160 
1.2199 
1.1528 
1.1795 
1.1619 
1.1745 
1.1117 
1,1359 
1.0656 
1.1203 
1.0455 
1.1014 
1.0733 
1.0509 
1.0322 
1.0158 
1.0028 
0.9909 
0.9806 
0.9715 
0.9633 
0.9561 


400 


1.6369 
18.1147 
2.7160 
1.3477 
1.7896 
1.7894 
0.7060 
0.8069 
1.3122 
2.2382 
1.5580 
1.7515 
1.2179 
1.8026 
1.2624 
1.0014 


3.0574 
2.0556 
1.6932 
1.5060 
1.4449 
1.3868 
1.3664 
1.2500 
1.3053 
1.2851 
1.2881 
1.2218 
1.2474 
1.2305 
1.2430 
1.1828 
1.2038 
1.1348 
1.1887 
1.1151 
1.1695 
1.1407 
1.1183 
1.0995 
1.0826 
1.0701 
1.0582 
1.0479 
1.0388 
1.0306 
1.0233 


1992 


2000 
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TABLE 7A1.5 (Continued) 


ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


TEMPERATURE, F 


S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (1b) (deg R). 
All temperatures are in degrees Fahrenheit. 


500 600 800 1000 1500 
NONHYDROCARBONS 
1 1,6625 1.6858 1.7275 1.7640 1.8395 
2 18.4962 18.8406 19.4432 19.9601 21.0144 
3 2.7674 2.8144 2.8986 2.9729 3.1311 
4 1.3731 1.3968 1.4402 1.4791 1.5611 
5 1.8163 1.8406 1.8839 1.9217 1.9996 
6 1.8161 1.8404 1.8836 1.9214 1.9992 
7 0.7215 0.7360 0.7629 0.7875 0.8408 
8 0.8202 0.8324 0.8539 0.8723 0.9094 
9 1.3333 1.3525 1.3862 1.4155 1.4761 
10 2.2765 2.3111 2.3715 2.4234 2.5290 
11 1.5867 1.6133 1.6616 1.7050 1,7986 
12 1.7793 1.8046 1.8494 1.8884 1.9695 
13 1.2500 1.2815 1.3420 1.3983 1.5189 
14 1.8307 1.8562 1.9015 1.9410 2.0233 
15 1.2891 1.3138 1.3579 1.3958 
16 1.0206 1.0384 1.0709 1.0997 1.1590 
PARAFFINS 
17 3.1334 3.2066 3.3466 3.4793 3.7812 
18 2.1234 2.1897 2.3176 2.4387 2.7072 
19 1.7600 1.8253 1.9510 2.0697 2.3332 
20 1.5732 1.6386 1.7639 1.8819 2.1457 
21 1.5121 1.5777 1.7037 1.8225 2.0870 
22 1.4533 1.5181 1.6425 1.7599 2.0223 
23 1.4335 1.4988 1.6244 1.7432 2.0117 
24 1.3192 1.3863 1.5153 1.6376 1.9151 
25 1.3716 1.4361 1.5597 1.6762 1.9360 
26 1.3524 1.4179 1.5435 1.6620 1.9274 
27 1.3547 1.4195 1.5440 1.6617 1.9269 
28 1.2893 1.3552 1.4821 1.6026 1.8754 
29 1.3134 1.3777 1.5008 1.6167 1.8739 
30 1.2972 1.3622 1.4866 1.6037 1.8659 
31 1.3098 1.3749 1.4994 1.6167 1.8792 
32 1.2518 1.3188 1.4465 1.5665 1.8361 
33 1.2698 1.3339 1.4567 1.5719 1.8269 
34 1.2023 1.2680 1.3941 1.5130 1.7799 
39 1.2553 1.3201 1.4441 1.5606 1.8203 
36 1.1829 1.2490 1.3758 1.4958 1.7671 
37 1.2356 1.2999 1.4226 1.5373 
38 1.2063 1.2699 1.3903 1.5008 
39 1.1838 1.2474 1.3676 1.4779 
40 1.1651 1.2285 1.3487 1.4588 
41 1.1477 1.2107 1.3293 1.4366 
42 1.1355 1.1990 1.3189 1.4288 
43 1.1237 1.1871 1.3070 1.4169 
44 1.1133 1.1767 1.2966 1.4063 
45 1.1042 1.1675 1.2873 1.3969 
46 1.0960 1.1593 1.2791 1.3886 
47 1.0887 1.1520 1.2717 1.3812 


1992 
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2200 


1.9189 


3.3116 
1.6495 
2.0811 
2.0801 
0.9009 
0.9484 
1.5431 
2.6436 
1.9049 
2.0578 


2.1127 


1.2200 


4.1313 
3.0069 
2.6294 
2.4491 
2.3868 
2.3220 
2.3282 
2.2429 
2.2320 
2.2358 
2.2375 
2.1975 
2.1647 
2.1703 
2.1839 
2.1559 
2.1150 
2.0917 
2.1192 
2.0891 


Information Handling Services, 


7A1.5 

S at Trax Ree 
1.9228 2240. 
21.4420 1740. 
3.3209 2240. 
1.6539 2240. 
2.0850 2240. 
2.0841 2240. 
0.9040 2240. 
0.9504 2240. 
1.5465 2240. 
2.6494 2240. 
1.9103 2240. 
2.0622 2240. 
1.5670 1740. 
2.1171 2240. 
1.4501 1340. 
1.2230 2240. 
4.1490 2240. 
3.0224 2240. 
2.6447 2240. 
2.4647 2240. 
2.4022 2240. 
2.3373 2240. 
2.3447 2240. 
2.2600 2240. 
2.2472 2240. 
2.2517 2240. 
2.2536 2240. 
2.2143 2240. 
2.1795 2240. 
2.1860 2240. 
2.1997 2240. 
2.1726 2240, 
2.1298 2240. 
2.1078 2240. 
2.1346 2240. 
2.1058 2240. 
1.7137 1340. 
1.6668 1340. 
1.6435 1340. 
1.6240 1340. 
1.5936 1340. 
1.5934 1340. 
1.5812 1340. 
1.5703 1340. 
1.5608 1340. 
1.5523 1340. 
1.5447 1340. 
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7A1.5 
TABLE 7A1.5 (Continued) 
ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Ty, SatTnin  —200 0 77 100 200 300 400 
48 n-EICOSANE -100. 0.6584 0.7362 0.7930 0.8096 0.8805 0.9495 1.0168 
NAPHTHENES 
49 CYCLOPENTANE 77. 0.9977 0.9977 1.0097 1.0639 1.1199 1.1766 
50 METHYLCYCLOPENTANE 80. 0.9665 0.9781 1.0371 1.0968 1.1565 
51 ETHYLCYCLOPENTANE 71. 0.9233 0.9233 0.9369 0.9970 1.0577 1.1182 
52 1,1-DIMETHYLCYCLOPENTANE 77. 0.8739 0.8739 0.8877 0.9489 1.0108 1.0724 
53 c-1,2-DIMETHYLCYCLOPENTANE _ 77. 0.8909 0.8909 0.9048 0.9661 1.0280 1.0896 
54 t-1,2-DIMETHYLCYCLOPENTANE 77. 0.8926 0.8926 0.9066 0.9681 1.0300 1.0916 
55 c-1,3-DIMETHYLCYCLOPENTANE 77. 0.8930 0.8930 0.9066 0.9673 1.0293 1.0912 
56 1t-1,3-DIMETHYLCYCLOPENTANE 77. 0.8926 0.8926 0.9066 0.9681 1.0300 1.0916 
57 n-PROPYLCYCLOPENTANE TT. 0.8909 0.8909 0.9049 0.9663 1.0280 1.0894 
58 n-BUTYLCYCLOPENTANE 77. 0.8655 0.8655 0.8798 0.9424 1.0049 1.0669 
59. n-PENTYLCYCLOPENTANE TT. 0.8453 0.8453 0.8598 0.9232 0.9863 1.0488 
60 n-HEXYLCYCLOPENTANE 77, 0.8284 0.8284 0.8432 0.9073 0.9709 1.0336 
61 n-HEPTYLCYCLOPENTANE 77. 0.8151 0.8151 0.8299 0.8945 0.9586 1.0218 
62 n-OCTYLCYCLOPENTANE 77. 0.8033 0.8033 0.8183 0.8835 0.9480 1.0114 
63 n-NONYLCYCLOPENTANE TT. 0.7933 0.7933 0.8085 0.8740 0.9388 1.0025 
64 n-DECYLCYCLOPENTANE 77. 0.7847 0.7847 0.7999 0.8658 0.9309 0.9948 
65 n-UNDECANECYCLOPENTANE 77. 0.7771 0.7771 0.7924 0.8586 0.9239 0.9880 
66 n-DODECYLCYCLOPENTANE 71. 0.7704 0.7704 0.7858 0.8523 0.9178 0.9821 
67 n-TRIDECYLCYCLOPENTANE 77. 0.7645 0.7645 0.7799 0.8467 0.9124 0.9768 
68 n-TETRADECYLCYCLOPENTANE 77. 0.7594 0.7594 0.7749 0.8419 0.9078 0.9723 
69 n-PENTADECYLCYCLOPENTANE 77. 0.7544 0.7544 0.7700 0.8371 0.9031 0.9678 
70 n-HEXADECYLCYCLOPENTANE TT, 0.7500 0.7500 0.7656 0.8330 0.8992 0.9639 
71 CYCLOHEXANE TT. 0.8466 0.8466 0.8594 0.9167 0.9759 1.0357 
72> METHYLCYCLOHEXANE TT. 0.8355 0.8355 0.8494 0.9113 0.9741 1.0370 
73 ETHYLCYCLOHEXANE TT. 0.8143 0.8143 0.8288 0.8924 0.9563 1.0198 
74 c-1,2-DIMETHYLCYCLOHEXANE 77. 0.7976 0.7976 0.8117 0.8741 0.9374 1.0008 
75 t-1,2-DIMETHYLCYCLOHEXANE 77. 0.7900 0.7900 0.8045 0.8682 0.9324 0.9962 
76 c-1,3-DIMETHYLCYCLOHEXANE 77. 0.7884 0.7884 0.8027 0.8656 0.9293 0.9929 
77 «t-1,3-DIMETHYLCYCLOHEXANE 77. 0.8008 0.8008 0.8151 0.8780 0.9415 1.0048 
78 =c-1,4-DIMETHYLCYCLOHEXANE 77. 0.7885 0.7885 0.8028 0.8657 0.9292 0.9925 
79 «t-1,4-DIMETHYLCYCLOHEXANE TT. 0.7769 0.7769 0.7912 0.8544 0.9183 0.9819 
80 n-PROPYLCYCLOHEXANE TT. 0.7939 0.7939 0.8087 0.8738 0.9390 1.0037 
81 n-BUTYLCYCLOHEXANE 77. 0.7807 0.7807 0.7958 0.8616 0.9273 0.9921 
82 n-PENTYLCYCLOHEXANE 77. 0.7702 0.7702 0.7853 0.8512 0.9171 0.9822 
83 n-HEXYLCYCLOHEXANE TT. 0.7612 0.7612 0.7765 0.8431 0.9093 0.9745 
84 n-HEPTYLCYCLOHEXANE TT. 0.7539 0.7539 0.7691 0.8358 0.9022 0.9677 
85 n-OCTYLCYCLOHEXANE 77. 0.7470 0.7470 0.7626 0.8305 0.8974 0.9630 
86 n-NONYLCYCLOHEXANE 77. 0.7417 0.7417 0.7573 0.8247 0.8914 0.9569 
87 n-DECYLCYCLOHEXANE 77. 0.7366 0.7366 0.7522 0.8198 0.8867 0.9523 
88 n-UNDECYLCYCLOHEXANE 77. 0.7323 0.7323 0.7481 0.8160 0.8830 0.9488 
89 n-DODECYLCYCLOHEXANE 77. 0.7286 0.7286 0.7443 0.8123 0.8794 0.9452 
90 n-TRIDECYLCYCLOHEXANE 77. 0.7251 0.7251 0.7409 0.8091 0.8763 0.9421 
91 n-TETRADECYLCYCLOHEXANE 77. 0.7221 0.7221 0.7379 0.8061 0.8734 0.9393 
92 n-HEXADECYLCYCLOHEXANE 77. 0.7167 0.7167 0.7326 0.8013 0.8688 0.9347 
OLEFINS 
93. ETHYLENE -100. 1.7360 1.8126 1.8671 1.8828 1.9488 2.0118 2.0723 
94. PROPYLENE -100. 1.3859 1.4603 1.5142 1.5298 1.5960 1.6596 1.7211 


S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 


1992 


API TDB CHAPTER*? ** MM 0732290 0536721 502 


500 


800 1000 1500 


1.0821 


NAPHTHENES 
1.2334 
1.2156 
1.1781 
1.1333 
1.1505 
1.1525 
1.1524 
1.1525 
1.1498 
1.1278 
1.1101 
1.0952 
1.0837 
1.0736 
1.0649 
1.0573 
1.0507 
1.0449 
1.0397 
1.0354 
1.0309 
1.0271 
1.0957 
1.0994 
1,0827 
1.0635 
1.0593 
1.0558 
1.0673 
1.0550 
1.0450 
1.0674 
1.0558 
1.0461 
1.0385 
1.0318 
1.0270 
1.0210 
1.0166 
1.0130 
1.0095 
1.0064 
1.0037 
0.999] 


OLEFINS 
2.1308 
1.7806 


600 


1.1454 


1.2897 
1.2739 
1.2370 
1.1932 
1.2104 
1.2122 
1.2124 
1.2122 
1.2092 
1.1876 
1.1702 
1.1554 
1.1443 
1.1343 
1.1257 
1.1183 
1.1118 
1.1061 
1.1010 
1.0968 
1.0924 
1.0887 
1.1552 
1.1608 
1.1445 
1.1254 
1.1214 
1.1177 
1.1289 
1.1166 
1.1071 
1.1298 
1.1182 
1.1087 
1.1010 
1.0945 
1.0894 
1.0835 
1.0792 
1.0755 
1.0721 
1.0691 
1.0663 
1.0617 


2.1873 
1.8382 


TABLE 7A1.5 (Continued) 
ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


TEMPERATURE, F 


1.2651 1.3745 

1.3998 1.5056 1.7483 
1.3870 1.4949 1.7405 
1.3511 1.4598 1.7072 
1.3091 1.4193 1.6690 
1.3261 1.4361 1.6851 
1.3278 1.4375 1.6862 
1.3283 1.4382 

1.3278 1.4375 1.6862 
1.3241 1.4333 1.6813 
1.3030 1.4125 1.6610 
1.2861 1.3960 1.6447 
1.2716 1.3816 1.6291 
1.2609 1.3712 1.6205 
1.2511 1.3616 1.6111 
1.2427 1.3534 1.6031 
1.2356 1.3463 1.5962 
1.2292 1.3401 1.5901 
1.2236 1.3346 1.5847 
1.2187 1.3298 1.5800 
1.2145 1.3256 1.5760 
1.2103 1.3215 1.5719 
1.2067 1.3179 1.5684 
1.2717 1.3837 1.6393 
1.2801 1.3938 1.6519 
1.2642 1.3780 1.6342 
1.2452 1.3592 1.6175 
1.2417 1.3561 1.6143 
1.2377 1.3521 1.6116 
1.2482 1.3617 1.6187 
1.2359 1.3494 1.6063 
1.2275 1.3420 1.5999 
1.2502 1.3641 1.6209 
1.2384 1.3521 1.6080 
1.2291 1.3428 1.5987 
1.2212 1.3348 1.5906 
1.2149 1.3285 1.5843 
1.2092 1.3221 1.5767 
1.2037 1.3171 1.5720 
1.1994 1.3128 1.5677 
1.1956 1.3089 1.5637 
1.1922 1.3055 1.5601 
1.1892 1.3023 1.5569 
1.1865 1.2996 1.5539 
1.1816 1.2947 1.5489 
2.2953 2.3966 2.6220 
1.9486 2.0523 2.2842 
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2.0391 
2.0328 
2.0017 
1.9641 
1.9796 
1.9803 


1.9803 
1.9758 
1.9555 
1.9394 
1.9184 
1.9152 
1.9058 
1.8978 
1.8909 
1.8848 
1.8795 
1.8748 
1.8707 
1.8667 
1.8632 
1.9400 
1.9564 
1.9306 
1.9220 
1.9154 
1.9177 
1.9202 
1.9077 
1.8989 
1.9227 
1.9078 
1.8999 
1.8917 
1.8869 
1.8781 
1.8704 
1.8675 
1.8627 
1.8590 
1.8556 
1.8526 
1.8469 


2.8791 
2.5514 


Information Handling Services, 


S at Trax 


1.5379 


2.0543 
2.0480 
2.0170 
1.9794 
1.9949 
1.9955 
1.6120 
1.9955 
1.9911 
1.9708 
1.9547 
1.9334 
1.9305 
1.9210 
1.9130 
1.9062 
1.9001 
1.8947 
1.8900 
1.8860 
1.8819 
1.8784 
1.9555 
1.9721 
1.9459 
1.9377 
1.9309 
1.9335 
1.9358 
1.9232 
1.9143 
1.9384 
1.9233 
1.9156 
1.9073 
1.9026 
1.8938 
1.8858 
1.8830 
1.8781 
1.8744 
1.8710 
1.8681 
1.8622 


2.8923 
2.5652 
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7A1.5 
TABLE 7A1.5 (Continued) 
ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Tin S at Trun -200 4) 77 100 200 300 

95 1-BUTENE -370. 0.8912 1.1007 1.2578 1.3112 1.3267 1.3926 1.4562 

96 cis-2-BUTENE —100. 1.1641 1.2325 1.2827) «61.2975 91,3601 1.4209 

97 trans-2-BUTENE —370. 0.8315 1.0401 1.2059 1.2618 1.2779 1.3458 1,4105 

98 ISOBUTENE 80. 1.2505 1.2643 1.3319 1.3971 

99 1-PENTENE -100. 1.0544 1.1277 1.1819 = 1.1978 1.2653 1.3307 
100 1-HEXENE 80. 1.0936 1.1075 1.1761 1.2426 
101 2,3-DIMETHYL-2-BUTENE 77. 1.0294 1.0294 1.0448 1.1104 1.1744 
102 1-HEPTENE -100. 0.9059 0.9803 1.0352 1.0513 1.1198 1.1861 
103 1-OCTENE -100. 0.8596 0.9342 0.9894 1.0055 1.0743 1.1410 
104. 1-NONENE —100. 0.8235 0.8983 0.9536 0.9698 1.0389 1.1058 
105 1-DECENE -100. 0.7946 0.8696 0.9251 0.9413 1.0106 1.0778 
106 1-UNDECENE -—100. 0.7710 0.8462 0.9017 0.9180 0.9874 1.0547 
107. 1-DODECENE —100. 0.7513 0.8266 0.8823 0.8986 0.9681 1.0356 
108 1-TRIDECENE -100. 0.7385 0.8109 0.8657 0.8819 0.9513 1.0191 
109 1-TETRADECENE -100. 0.7243 0.7968 0.8516 0.8678 0.9374 1.0052 
110 1-PENTADECENE —100. 0.7117 0.7844 0.8394 0.8556 0.9253 0.9932 
111. 1-HEXADECENE -100. 0.7007 0.7736 0.8286 0.8449 0.9146 0.9826 
112 1-HEPTADECENE —100. 0.6913 0.7641 0.8192 0.8355 0.9053 0.9733 
113. 1-OCTADECENE —100. 0.6839 0.7604 0.8158 0.8320 0.9011 0.9686 
114. 1-NONADECENE —100. 0.6750 0.7480 0.8032 0.8195 0.8894 0.9576 
115 1-EICOSENE —100. 0.6684 0.7413 0.7965 0.8128 0.8828 0.9510 
116 CYCLOPENTENE 77. 1.0159 1.0159 1.0270 1.0768 1.1280 
117. CYCLOHEXENE 77. 0.9037 0.9037 0.9168 0.9745 1.0331 

DIOLEFINS AND ACETYLENES 

118 PROPADIENE -100. 1.3288 1.4009 1.4530 1.4680 1.5312 1.5912 
119 1,2-BUTADIENE -370. 0.8811 1.0842 1.2398 1.2918 1.3069 1.3699 1.4298 
120 1,3-BUTADIENE ~100. 1.1128 1.1803 1.2317) 1.2468 1.3118 1.3751 
121 2-METHYL-1,3-BUTADIENE 370. 0.7353 0.9035 1.0510 1.1031 1.1183 1.1831 1.2457 
122 ETHYNE —370. 1.3819 1.6005 1.7833 1.8433 1.8604 1.9307 1.9953 
123. PROPYNE -370, 1.0368 1.2647 1.4286 1.4820 1.4972 1.5608 1.6207 
124 1-BUTYNE —370. 0.8825 1.0760 1.2308 1.2834 1.2986 1.3627 1.4238 

AROMATICS 

125. BENZENE 77. 0.8237 0.8237 0.8344 0.8821 0.9304 
126 TOLUENE -100. 0.7427 0.7929 0.8322 0.8440 0.8952 0.9460 
127 ETHYLBENZENE —370. 0.5272 0.6578 0.7701 0.8115 0.8237 0.8768 0.9294 
128 m-XYLENE 0. 0.7664 0.7664 0.8067 0.8188 0.8713 0.9234 
129 0o-XYLENE 0. 0.7533 0.7533 0.7961 0.8088 0.8634 0.9169 
130 p-XYLENE 0. 0.7522 0.7522 0.7925 0.8046 0.8575 0.9099 
131 n-PROPYLBENZENE —370. 0.4902 0.6294 0.7521 0.7964 0.8094 0.8653 0.9201 
132 1,2,3-TRIMETHYLBENZENE -100. 0.6616 0.7199 0.7645 0.7778 0.8348 0.8906 
133 1,2,4-TRIMETHYLBENZENE —100. 0.6849 0.7432 0.7865 0.7993 0.8540 0.9077 
134 1,3,5-TRIMETHYLBENZENE —100. 0.6671 0.7237 0.7664 0.7791 0.8334 0.8867 
135 n-BUTYLBENZENE 77. 0.7843 0.7843 0.7975 0.8547 0.9114 
136 m-CYMENE 77. 0.7677 0.7677 =0.7810 =0.8385 =0.8952 
137 o-CYMENE 77. 0.7594 0.7594 0.7731 0.8320 0.8896 
138 p-CYMENE 77. 0.7585 0.7585 0.7717 0.8288 0.8851 
139 n-PENTYLBENZENE 77. 0.7722 0.7722 0.7857 0.8441 0.9020 
140 n-HEXYLBENZENE TT. 0.7632 0.7632 0.7769 0.8364 0.8953 
141 n-HEPTYLBENZENE 77, 0.7557 0.7557 0.7696 0.8300 0.8896 


S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 


1992 


API TDB CHAPTER*? ** MB 0732290 0536723 685 


TEMPERATURE, F 


500 600 
1.5783 1.6371 
1.5381 1.5947 
1.5325 1.5905 
1.5210 1.5800 
1.4556 1.5153 
1.3693 1.4298 
1.2971 1.3560 
1.3131 1.3738 
1.2687 1.3297 
1.2340 1,2953 
1.2064 1,2679 
1.1836 1.2453 
1.1649 1.2267 
1.1491 1.2112 
1.1354 1.1976 
1.1236 1.1860 
1.1131 1.1755 
1.1040 1.1665 
1.0993 1.1619 
1.0885 1.1511 
1.0821 1.1447 
1.2311 1.2821 
1.1493 1.2060 

DIOLEFINS AND ACETYLENES 
1.7029 1.7552 
1.5424 1.5956 
1.4957 1.5530 
1.3652 1.4222 
2.1106 2.1625 
1.7317 1.7836 
1.5388 1.5931 

AROMATICS 
1.0257 1.0719 
1.0452 1.0931 
1.0322 1.0820 
1.0250 1.0740 
1.0199 1.0694 
1.0122 1.0616 
1.0266 1.0782 
0.9982 1.0498 
1.0123 1.0631 
0.9900 1.0399 
1.0216 1.0747 
1.0047 1.0574 
1.0002 1.0531 
0.9940 1.0464 
1.0143 1.0684 
1.0095 1.0644 
1.0054 1.0610 


TABLE 7A1.5 (Continued) 


ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


800 1000 
1.7497 1.8554 
1.7036 1.8068 
1.7014 1.8063 
1.6925 1.7980 
1.6295 1.7365 
1.5450 1.6533 
1.4687 1.5751 
1.4897 1.5981 
1.4462 1.5551 
1.4123 1.5215 
1.3852 1.4946 
1.3629 1.4725 
1.3445 1.4543 
1.3296 1.4398 
1.3161 1.4265 
1.3046 1.4151 
1.2942 1.4048 
1.2853 1.3960 
1.2798 1.3853 
1.2701 1.3809 
1.2639 1.3747 
1.3815 1.4767 
1.3152 1.4185 
1.8536 1.9445 
1.6967 1.7911 
1.6614 1.7620 
1.5304 1.6309 
2.2571 2.3420 
1.8811 1.9709 
1.6959 1.7911 
1.1606 1.2440 
1.1852 1.2720 
1.1770 1.2648 
1.1683 1.2572 
1.1642 1.2533 
1.1565 1.2460 
1.1774 1.2706 
1.1484 1.2410 
1.1610 1.2533 
1.1360 1.2267 
1.1766 1.2725 
1.1582 1.2531 
1.1543 1.2493 
1.1468 1.2413 
1.1720 1.2694 
1.1695 1.2683 
1.1674 1.2672 
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1500 


2.0871 
2.0383 
2.0443 
2.0348 
1.9741 
1.8966 


1.8364 
1.7937 
1.7603 
1.7336 
1.7116 
1.6937 
1.6812 
1.6680 
1.6565 
1.6462 
1.6375 
1.5863 
1.6224 
1.6166 
1.6942 
1.6516 


2.1447 
1.9994 
1.9818 
1.8487 
2.5255 
2.1654 
1.9984 


1.4309 
1.4650 


1.4568 
1.4532 
1.4466 
1.4741 
1.4476 
1.4551 
1.4293 
1.4872 
1.4656 
1.4621 
1.4534 
1.4872 
1.4886 
1.4897 


2200 


2.3437 
2.3039 
2.3224 


2.2457 
2.1826 


2.1038 
2.0600 
2.0260 
1.9990 
1.9763 
1.9586 
1.9533 
1.9398 
1.9277 
1.9168 
1.9080 
1.7624 
1.8925 
1.8875 
1.9532 
1.9287 


2.3763 
2.2359 
2.2315 
2.0916 
2.7430 
2.3833 
2.2320 


1.6518 
1,6865 


1.6902 
1.6865 
1.6814 
1.6965 
1.6875 
1.6755 
1.6608 
1.7383 
1.7137 
1.7104 
1.7012 
1.7411 
1.7447 
1.7477 


Information Handling Services, 


S at Trax 


2.3570 
2.3176 
2.3364 
2.1200 
2.2597 
2.1974 
1.7420 
2.1175 
2.0737 
2.0397 
2.0126 
1.9899 
1.9722 
1.9673 
1.9539 
1.9417 
1.9308 
1.9220 
1.7728 
1.9065 
1.9015 
1.9667 
1.9432 


2.3883 
2.2480 
2.2444 
2.1044 
2.7544 
2.3947 
2.2442 


1.6633 
1.6979 
1.3965 
1.7022 
1.6985 
1.6935 
1.7079 
1.6999 
1.6869 
1.6727 
1.7513 
1.7265 
1.7231 
1.7139 
1.7542 
1.7579 
1.7610 


7AI.5 


Tinax 


2240. 
2240. 
2240. 
1700. 
2240. 
2240. 
1340. 
2240. 
2240, 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 


2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240, 


2240. 
2240. 
1340. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
2240. 
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7TA1.5 
TABLE 7A1.5 (Continued) 
ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 
TEMPERATURE, F 
COMPOUND NAME Tin S at Tin ~200 0 77 100 200 300 = 400 
142. n-OCTYLBENZENE 77. 0.7492 0.7492 0.7633 0.8244 0.8848 0.9440 
143. STYRENE 77. 0.7918 0.7918 0.8037 0.8556 0.9068 0.9570 
144 alpha-METHYLSTYRENE 77. 0.7751 0.7751 0.7877 0.8417 0.8946 0.9461 
145 cis-B-METHYLSTYRENE 77. 0.7751 0.7751 0.7877 0.8417 0.8946 0.9461 
146 trans-B-METHYLSTYRENE 77. 0.7689 0.7689 0.7815 0.8360 0.8894 0.9414 
DIAROMATICS AND OTHER HYDROCARBON RINGS 
147 cis-DECALIN 77. 0.6525 0.6525 0.6648 0.7202 0.7772 0.8348 
148  trans-DECALIN 77. 0.6470 0.6470 0.6594 0.7148 0.7718 0.8293 
149 TETRALIN —100. 0.5792 0.6285 0.6679 0.6799 0.7321 0.7844 0.8362 
150 INDAN —100. 0.6198 0.6674 0.7053 0.7167 0.7668 0.8168 0.8664 
151. INDENE —100. 0.6100 0.6563 0.6928 0.7037 0.7513 0.7986 0.8453 
152 BIPHENYL -100. 0.5267 0.5731 0.6099 0.6210 0.6693 0.7172 0.7644 
153 NAPHTHALENE -100. 0.5419 0.5857 0.6209 0.6316 0.6782 0.7248 0.7708 
154. 1-METHYLNAPHTHALENE —100. 0.5491 0.5982 0.6365 0.6480 0.6978 0.7470 0.7953 
155 2-METHYLNAPHTHALENE -280. 0.4642 0.5052 0.6032 0.6406 0.6517 0.6999 0.7477 0.7951 
156 ANTHRACENE —100. 0.4459 0.4907 0.5263 0.5370 0.5838 0.6303 0.6761 
157 PHENANTHRENE —100. 0.4479 0.4928 0.5288 0.5396 0.5869 0.6338 0.6799 
158 PYRENE 32, 0.4521 0.4720 0.4822 0.5271 0.5719 0.6161 
159 CHRYSENE 77. 0.4608 0.4608 0.4713 0.5173 0.5635 0.6090 
160 TRIPHENYLENE 77. 0.4312 0.4312 0.4412 0.4856 0.5305 0.5751 
161 BENZANTHRACENE 77. 0.4811 0.4811 0.4918 0.5388 0.5857 0.6319 
162 ACENAPHTHENE —100. 0.4885 0.5345 0.5714 0.5826 0.6312 0.6795 0.7271 
163 FLUORENE -100. 0.4719 0.5141 0.5484 0.5588 0.6046 0.6505 0.6960 
164 DIBENZANTHRACENE 77. 0.4324 0.4324 0.4428 0.4883 0.5340 0.5794 
165 NAPHTHACENE 32. 0.4522 0.4730 0.4836 0.5304 0.5770 0.6229 
166 ACENAPHTHYLENE ~100. 0.4914 0.5340 0.5679 0.5781 0.6226 0.6668 0.7105 
OXYGENATED COMPOUNDS 
167 METHANOL -100. 1.6651 1.7385 1.7882 1.8022 1.8601 1.9139 1.9649 
168 ETHANOL —100. 1.3354 1.4049 1.4551 1.4696 1.5309 1.5896 1.6461 
169 n-PROPANOL -100. 1.1633 1.2319 1.2821 1.2967 1.3588 1.4186 1.4764 
170 i-PROPANOL -370. 0.8411 1.0245 1.1768 1.2294 1.2446 1.3091 1.3709 1.4305 
171 n-BUTANOL -100. 1.0453 1.1142 1.1654 1.1804 1.2443 1.3062 1.3663 
172 sec-BUTANOL —370. 0.7596 0.9478 1.1051 1.1591 1.1748 1.2408 1.3040 1.3648 
173 tert-BUTANOL -370. 0.6777 0.8443 1.0000 1.0547 1.0706 1.1378 1.2020 1.2638 
174. PHENOL —100. 0.7127 0.7612 0.7991 0.8104 0.8592 0.9072 0.9539 
175. METHYL ETHYL KETONE -100. 1.0015 1.0733 1.1241 1.1387 1.1998 1.2576 = 1.3128 
176 ETHYL METHYL ETHER -100. 1.0965 1.1730 1.2274 =1.2431 1.3089 «1.3715 =-1.4314 
177. DIETHYL ETHER 100. 0.9696 1.0472 1.1028 1.1189 1.1864 1.2508 1.3126 
178 METHYL tert-BUTYL ETHER —100. 0.8456 0.9149 0.9659 0.9808 1.0442 1.1055 1.1649 
179 tert-AMYL METHYL ETHER 80. 0.9598 0.9737 1.0421 1.1080 1.1717 
180 DITSOPROPYL ETHER 80. 0.9398 0.9536 1.0211 1.0860 1.1485 


S = 0 for ideal gas at 0 R and 14.7 psia. 
Table entries are S in Btu per (Ib) (deg R). 
All temperatures are in degrees Fahrenheit. 
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1992 


TABLE 7A1.5 (Continued) 
ENTROPY OF PURE IDEAL GASES 
(PART OF PROCEDURE 7A1.1) 


TEMPERATURE, F 


500 600 800 1000 1500 
1.0018 1.0581 1.1656 1.2663 1.4906 
1.0059 1.0533 1.1436 1.2281 1.4165 
0.9961 1.0447 1.1374 1.2242 1.4179 
0.9961 1.0447 1.1374 1.2242 1.4179 
0.9919 1.0409 1.1342 1.2216 1.4169 

DIAROMATICS AND OTHER HYDROCARBON RINGS 

0.8923 0.9491 1.0598 

0.8867 0.9434 1.0534 1.1578 

0.8873 0.9373 1.0337 1.1247 1.3274 
0.9153 0.9633 1.0560 1.1435 1.3383 
0.8911 0.9358 1.0219 1.1029 1.2824 
0.8105 0.8555 0.9415 1.0220 1.2002 
0.8159 0.8600 0.9446 1.0239 1.1992 
0.8424 0.8884 0.9762 1.0585 1.2411 
0.8416 0.8873 0.9749 1.0569 1.2331 
0.7209 0.7645 0.8480 0.9261 1.0981 
0.7250 0.7688 0.8525 0.9308 1.1040 
0.6594 0.7016 0.7821 0.8574 1.0240 
0.6535 0.6969 0.7796 0.8569 1.0283 
0.6190 0.6618 0.7438 0.8206 0.9916 
0.6770 0.7207 0.8040 0.8817 1.0540 
0.7737 0.8191 0.9059 0.9873 1.1683 
0.7409 0.7848 0.8691 0.9483 1.1233 
0.6238 0.6670 0.7496 0.8265 0.9961 
0.6677 0.7113 0.7944 0.8719 1.0437 
0.7534 0.7953 0.8756 0.9510 1.1175 

OXYGENATED COMPOUNDS 

2.0138 2.0608 2.1504 2.2344 2.4211 
1.7007 1.7536 1.8543 1.9486 2.1580 
1.5325 1.5869 1.6908 1.7883 2.0055 
1.4880 1.5436 1.6491 1.7473 1.9624 
1.4247 1.4812 1.5893 1.6906 1.9157 
1.4234 1.4800 1.5879 1.6890 1.9147 
1.3232 1.3805 1.4895 1.5918 1.8220 
0.9992 1.0431 1.1263 1.2037 1.3736 
1.3659 1.4170 1.5140 1.6046 1.8059 
1.4890 1.5447 1.6507 1.7501 1.9726 
1.3722 1.4299 1.5398 1.6429 1.8734 
1.2227 1.2787 1.3861 1.4874 1.7145 
1.2333 1.2928 1.4060 1.5120 1.7488 
1.2088 1.2670 1.3778 1.4817 1.7149 
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2200 


1.7503 
1.6385 
1.6429 
1.6429 
1.6455 


1.5602 
1.5604 
1.4868 
1.4042 
1.3996 
1.4509 
1.4230 
1.2939 
1.3035 
1.2157 
1.2282 
1.1913 
1.2557 
1.3777 
1.3220 
1.1938 
1.2432 
1.3063 


2.6310 
2.3969 
2.2547 
2.2028 
2.1743 
2.1741 
2.0914 
1.5687 
2.0363 
2.2294 
2.1381 
1.9766 
2.0255 
1.9896 


Information Handling Services, 


S at Trax 


1.7637 
1.6501 
1.6545 
1.6545 
1.6573 


1.1552 
1.3213 
1.5722 
1.5719 
1.4974 
1.4147 
1.4099 
1.4618 
1.4330 
1.3039 
1.3138 
1.2256 
1.2385 
1.2017 
1.2662 
1.3885 
1.3322 
1.2042 
1.2535 
1.3160 


2.6417 
2.4091 
2.2675 
2.2151 
2.1877 
2.1873 
2.1050 
1.5788 
2.0481 
2.2425 
2.1516 
1.9900 
2.0398 
2.0038 
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PROCEDURE 7A1.6 


METHOD FOR ESTIMATING THE IDEAL GAS HEAT OF FORMATION, IDEAL 
GAS ENTROPY, AND THE IDEAL GAS HEAT CAPACITY OF PURE COMPOUNDS 


Discussion 


This procedure is to estimate the ideal gas heat of formation at 77 F, the ideal gas entropy at 77 F 
and the heat capacity of a compound using Table 7A1.7, when no such data are available anywhere 
else. The heat of formation data at 77 F is given in Table 1C2 and also in Table 7H1.2 for 180 selected 
compounds, and the ideal gas entropy and the ideal gas heat capacity at 77 F are given in Tables 7A1.4 
and 7A1.5 respectively for many of the 180 compounds. The method is based on a second-order 
group contribution technique. The compound under consideration is conceptually broken down into 
its constituent groups, and the ideal gas property estimated by summation of the individual group 
contributions. The following generalized equations apply. 


AH", = (LAHg)/M (7A1.6-1) 
5°44 = (ZS; + Rin (x) - Rin (G)) /M (7A1.6-2) 
CP = LAC, /M (7A1.6-3) 


Where: 
AH Oe = enthalpy of formation of the compound at 77 F, Btu per Ib. 


ZA Hy = sum of all the individual group contributions to the enthalpy of formation at 77 F 
obtained from Table 7A1.7, Btu per Ib-mole. 
M = molecular weight of the compound, Ib per Ib-mole. 
so, = ideal gas entropy of the compound at 77 F and 14.7 psia relative to that at absolute 
zero ideal gas state at 14.7 psia, in Btu per (Ib) (deg R). 
= S; = sum of all the individual group contributions to the ideal gas entropy at 77 F obtained 
from Table 7A1.7, Btu per (lb-mole) (deg R). 


R = gas constant = 1.9859 Btu per (Ib-mole) (deg R). 
n = number of optically isomeric species in the compound. 
© = symmetry number of the compound. 
CG? = ideal gas heat capacity, Btu per (1b) (deg R). 
XS AC,; = sum of all the individual group contributions to the ideal gas heat capacity at the 
pi p 


desired temperature, obtained from Btu per (Ib-mole) (deg R). 


The various group contributions are listed in Table 7A1.7. For each group, the key atom is given 
followed by the other atoms bonded to it. As an example, C — (C) (H3) refers to a— CH; group bonded 
to another carbon atom. The nomenclature identifies first the polyvalent atom and then its ligands. 
Molecules that can be treated in this framework are those with two or more polyvalent atoms. 

Other notations and rules to be followed in the use of Table 7A1-7 are given as footnotes. For the 
ideal gas entropy, two corrections have to be applied. The first correction applies to isomeric species. 
If there are n such isomeric species in the compound, all of the same energy content, the correction 


term of RIn(n) has to be added to 5°, as given in Equation (7A1.6-2). 

The second correction to the rotational entropy arises from certain features of indistinguishable 
atoms in molecules and is spoken of as a symmetry correction. This correction is made by subtracting 
the term Rin(o) from the rotational entropy, as given in Equation (7A1.6-2). The symmetry number, 
o, of a molecule is a measure of molecular symmetry. It is the product of two components, an external 
symmetry number and an internal symmetry number. The external symmetry number is defined as the 
total number of independent permutations of identical atoms (or groups) in a molecule that can be 
arrived at by simple rigid rotations of the entire molecule. A molecule can have internal symmetry as 
well. This occurs when the molecule contains a group of atoms attached to it by a rotatable single 
bond. Such a group is called a terminal rotor. Internal symmetry arises if a terminal rotor, in making 
one complete rotation about an axis colinear with the single bond attaching it to the rest of the mole- 
cule, has more than one indistinguishable conformation. If there are n such conformations, the axis is 
called an n-fold axis of symmetry, and the internal symmetry number of that rotor is n. The total 
internal symmetry number of the molecule is the product of the symmetry numbers of all of the rotors. 
Benson (1976) gives a comprehensive discussion on the estimation of symmetry numbers. A few 
examples are given below for estimating the symmetry numbers. 
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7A1.6 
Example 1 
Calculate the symmetry number of n-butane. 
The compound can be represented as CH,CH»CH,CH3. Here each of the two methyl end groups 


contributes threefold internal symmetry. Hence the internal symmetry number of the compound from 
the methyl end groups is 9. The methyl groups may then be replaced with single “atoms” called 
“pseudoatoms” Y. The molecule then can be represented by the formula YCH, — CH Y. After the 


symmetry of each CH5Y group (6;,, = 1) has been determined, it is replaced with another “pseudo- 


atom”, Z, giving the rigid pseudomolecule Z — Z, which still has end-for-end external symmetry, and 
its external symmetry number is 2. Thus, n-butane has a total symmetry number of 9 x 2 = 18. 


Example 2 


Calculate the symmetry number of 1,4-Di-t-butyl-benzene. 
This model can be represented as: 


CH; CH, 
I I 

Se Gag 
CH; CH, 


Each of the 6 methyl end groups has threefold internal symmetry. Hence the contribution to the 


internal symmetry of the compound from these 6 end groups is 3°. These methyl groups are then 
replaced with pseudoatoms, and the molecule can be represented as: 


“< 
l 
<-O- 
“-A-K 
l 
ne 


Y = pseudoatom 


Each of the two CY, groups has threefold internal symmetry. Hence, the contribution to the inter- 


nal symmetry of the compound from these two end groups is 3°. The benzene ring has twofold inter- 
nal symmetry. Hence, the contribution to the internal symmetry of the compound from the benzene 
group is 2. Finally, after each CY; group and the benzene ring are replaced by the pseudoatoms Z and 


B, the rigid pseudomolecule Z — B —Z still has end-for-end external symmetry, and its external sym- 
metry number is 2. Thus 1,4-Di-t-butyl-benzene has a total symmetry number of 3° x 2 x 2 = 26,244. 


Example 3 


Calculate the symmetry number of 3-methyl hexane. 
This model can be represented as: 


CH3 
| H, 
H, H Hy CH 


Each of the three methyl end groups has threefold internal symmetry. Hence the contribution to the 
internal symmetry of the compound from these three end groups is 3 x 3 x 3 = 27. After these groups 
are replaced by pseudoatoms, the molecules can be represented as: 


Y 
| Hy 


Y 
N\ fi : ~“ Hy Cw es Y = pseudoatom 


Each of the two — CH»Y end groups can be replaced by pseudoatoms, X, but yield no further 
symmetry. The resulting molecule can be represented as: 


Y 
| 


Xx 
x7 : “ io e X, Y = pseudoatoms 
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The — CH»X end group can now be replaced by pseudoatom, Z, yielding no further symmetry, and 
leading to: 


I X, Y, Z = pseudoatoms 


The remaining pseudomolecule contains an asymmetrically substituted carbon (it has four different 
groups attached to it) and is therefore optically active, with 2 possible isomers: 


Y Zz 2: Y 
a 
x H H 4 
Thus, for 3-methylhexane, the total symmetry number is 27, and the number of optical isomers 
is 2. 


Procedure 


Step 1; Obtain the molecular weight of the compound. 

Step 2; Write the structural formula of the compound and identify the polyvalent key atoms. 

Step 3: Obtain the group contributions from Table 7A1.7. If the ideal gas entropy is desired, go to 
Step 4. Otherwise, proceed to Step 5. 

Step 4: Determine n and o, the number of optical isomers and the symmetry number of the 
compound, respectively. 

Step 5: Estimate the ideal gas heat capacity, ideal gas entropy, or the heat of formation using 
Equations (7A1.6-3), (7A1.6-2), or (7A1.6-1) as appropriate. 


Limitations and Reliability 


A computer program (CHETAH), which uses Benson’s group contribution method for thermal 
properties of ideal gases, is available (Seaton and Freedman, 1972; Seaton et al., 1974). This comput- 
erized version of Benson’s method was evaluated using experimental data. Ideal gas heat capacity 
values were found to be on an average within + 0.54 Btu per (Ib-mole) (deg R) or about 0.6% for all 
hydrocarbons except aromatics, and within + 6.7 Btu per (Ib-mole) (deg R) or 5.5% for aromatic hy- 
drocarbons. Entropy values were found to be on the average within + 3.3 Btu per (Ib-mole) (deg R) 
or about 2% for all hydrocarbons. Heat of formation values were found to be on the average within 
+ 820 Btu per lb-mole or about 3.2%. For compounds whose heats of formation are close to zero, the 
per cent deviation could go as high as 90%, although the absolute deviation is less than 500 Btu per 
Ib-mole. Thus, values for heat of formation obtained by this method should be used cautiously. 


Literature Source 


This procedure is based on Benson’s group contribution method (Benson et al., 1969; Benson, 
1976). The CHETAH program was developed by Seaton and Freedman (1972) and Seaton et al., 
(1974). 


Example 1 


Calculate the heat of formation for ethylbenzene at 77 F. The molecular weight, M, of ethyl- 
benzene is 106.17. 
The groups and their individual contribution to the heat of formation (obtained from Table 7A1.7) 
are: 


Group No. of Groups 
C — (H3) (C) I —18,130.1 
C ~ (Cp) (C) (Ho 1 — 8,740.5 
CR-© 1 9,909.9 
Cp — (H) 5x (5,937.3) 
LAMY = 12,725.8 
77 


AH,, Btu per lb-mole 


Using equation (7A1.6-1) the calculated value of AH, is 12,725.8/106.17 = 119.9 Btu per Ib. 
The value in Chapter 1 is 120.64 Btu per Ib. 
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7A1.6 
Example 2 

Calculate the ideal gas entropy of 2-pentene at 77 F and 14.7 psia. 

The molecular weight of 2-pentene is 70.135. 

The structural formula for 2-pentene is CH3CH = CHCH,CH3. There are five polyvalent atoms in 
this compound. Also, o for this compound is 9 due to symmetry of the two CH; groups. There are no 
optical isomers for this compound, hence n is 1. 

Group No. of Groups S; Btu per (lb-mole) (deg R) 
C - (H3) (C) 2 2x (30.39) 
Ca- DO 2 2x (7.97) 
C—(Cq)(C) (A). 1 9.79 
rS%, = 86.51 
Using Equation (7A1.6-2) gives 
S®, = [86.51 — 1.986 In (9)1/70.135 
= 1.17 Btu per (Ib-mole) (deg R) 

An experimental value of 1.168 Btu per (Ib-mole) (deg R) is available from Benson (1976). 
Example 3 

Calculate the ideal gas heat capacity at 80 F for propylene. 

The molecular weight, M, of propylene is 42.08. 

The structural formula for propylene is CH;CHCH). The groups and their individual contributions 
(obtained from Table 7A1.7) at 80 F are: 

Group No. of Groups C,; (80) Btu per (Ib-mole) (deg R) 
C - (H3) (C) 1 6.19 
Cy -(H) (C) 1 4.16 
Ca— (HD2 1 5.10 
=C%,; (80) = 15.45 
Using Equation (7A1.6-3): 
0 15.45 
— ee ie 1 
C, (80) 42.08 0.367 Btu per (Ib) (deg R) 
An experimental value of 0.364 Btu per (1b) (deg R) is available. 
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7A1.7 
TABLE 7A1.7 
GROUP VALUES FOR AH/, S°, AND CG? OF HYDROCARBONS 
AHg S; Chi 
Temperature, deg F 77 77 80 260 440 620 980 1340 2240 
Group or Ring 
C —(H)3 (C) -18,130.1 30.39 6.19 7.83 9.39 10.78 13.01 14.76 17.57 
C — (H)2 (C)2 8,903.8 9.41 5.50 6.95 8.25 9.34 11.06 12.33 14.24 
C-(H) (C)3 -3,417.9 ~-12.06 4.54 6.00 FAT 8.04 9.30 10.04 11.16 
C-(C)4 898.6 35.08 4.37 6.13 7.35 8.11 8.76 8.75 8.11 
Cy - (H)2 11,259.9 27.59 5.10 6.36 7.50 8.49 10.06 11.26 13.18 
Ca- (HD) (©) 15,451.7 7.97 4.16 5.03 5.81 6.50 7.65 8.44 9.61 
Cg - (C3 18,598.8 -12.69 4.10 4.61 4.99 5.26 5.80 6.08 6.36 
Cg — (Cg) CHD 12,197.1 6.37 4.46 5.79 6.75 742 8.35 8.98 9.97 
Cg - (Cg) (C) 15,971.9 -14.59 (4.40) (5.37) (7.12) (6.18) (6.50) (6.62) (6.72) 
Cq - (Cg) (A) 12,197.1 6.37 4.46 5.79 6.75 742 8.35 8.98 9.97 
Cg - (Cg) (C) 15,542.0 (-14.59) (4.40) (5.37) (7.12) (6.18) (6.50) (6.62) (6.72) 
Cg - (C,) (A) 12,197.1 6.37 4.46 5.79 6.75 TA2 8.35 8.98 9.97 
Cy - (Cp) 2 14,389.8 ~12.69 — — — — — — — 
Cy- (Cao 8,276.2 8.79 es = — = = = = 
C-(Cqa)(C) (Ao 8,564.2 9.79 5.12 6.85 8.31 9.48 11.21 12.47 14.35 
C-(Cq)2 (H)> -7,717.2 (10.19) (4.70) (6.80) (8.40) (9.59) (11.29) (12.59) (14.39) 
© -(Cqa) (Cp) (Ae -7,717.2 (10.19) (4.70) (6.80) (8.40) (9.59) (11.29) (12.59) (14.39) 
c -(C,)(C) (A)2 8,564.2 10.29 4.95 6.56 7.93 9.07 10.85 12.18 14.19 
C — (Cg) (C) (H)2 8,740.5 9.33 5.84 7.60 8.96 10.00 11.48 12.53 13.75 
C - (Cy) (Cy (HK) ~2,661.3 (-11.68) (4.16) (5.91) (7.34) (8.19) (9.45) (10.18) (11.27) 
C—(C,)(C)o (A) —3,095.5 (-11.18) (3.99) (5.61) (6.85) (7.77) (9.09) (9.89) = (11.11) 
C — (CR) (Co (HD -1,762.7 (-12.14) (4.88) (6.66) (7.89) (8.78) (9.18) (8.95) (7.62) 
C- (Cg) (C3 3,022.4 (-34.70) (3.99) (6.04) (7.43) (8.25) (8.91) (8.95) (8.22) 
C ~ (Cg) (C)5 5,056.0 (-35.16) (4.37) (6.79) (7.89) (8.78) (9.18) (8.95) (7.62) 
C, -— (H) 48,444.5 24.68 5.27 5.99 6.48 6.86 746 7.95 8.84 
C,-(C) 49,558.0 6.35 3.13 3.48 3.81 4.09 4.60 4.92 6.35 
C, — (Cg) 52,524.5 (6.43) (2.57) (3.54) (3.50) (4.92) (5.34) (5.50) (5.80) 
C,- (Cg) (52,524.5) 6.43 2.57 3.54 3.50 4.92 5.34 5.50 5.80 
See Notes Page 7-45 
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Temperature, deg F 


Group or Ring 
Cp - (H) 

Cg ~(C) 

Cg - (Cy) 

{Cg -(C,] 
Cz —- (Cp) 


C, 


Cpr — (Cg)2 (Cpe) 
Cpr — (Cg) (Cape 


Cor — (Cpp)s 


Alkane gauche correction 
Alkene gauche correction 


cis correction 
ortho correction 


1,5 H repulsion® 


Cyclopropane (6) 
Cyclopropene (2) 


Cyclobutane (8) 
Cyclobutene (2) 


Cyclopentane (10) 
Cyclopentene (2) 
Cyclopentadiene (2) 


Cyclohexane (6) 
Cyclohexene (2) 


Cyclohexadiene 1,3 
Cyclohexadiene 1,4 


See Notes Page 7-45 
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TABLE 7A1.7—CONTINUED 


GROUP VALUES FOR AH, S°, AND C2 OF HYDROCARBONS 


AH, 
TT 


5,937.3 
9,909.9 
10,219.4 
10,219.4 
8,921.0 


61,518.7 


8,633.0 
6,655.3 
2,700.0 


1,440.3 
898.6 

1,797.14 

1,023.2 


2,700.0 


49,648.3 
96,596.7 
47,128.9 
53,603.7 


11,333.0 
10,615.0 
10,791.2 


—649,2 
2,519.4 


8,633.0 
898.6 


5; 
77 


80 


3.24 
2.67 
3.59 
3.59 
3.33 


3.90 
3.00 


3.00 
2.00 


-1.34 
1.12 


Ring Corrections 


-3.05 


4.61 
—2.53 


-6.50 
5.98 
—3.45 


—5.80 
—4.28 
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260 


4.44 
3.14 
3.97 
3.97 
4.22 


4.40 


3.70 
3.70 
2.90 


-1.09 
1.35 


—2.53 


—3.89 
—2.19 


5.50 
—5.35 
2.83 


4.10 
3.04 


440 


5.46 
3.68 
4.38 
4.38 
4.89 


4.70 


4.20 
4.20 
3.50 


-0.81 
1.30 


2.10 


—3.14 
-1.89 


4.50 
4.89 
2.14 


—2.90 
-1.98 


620 


6.30 
4.15 
4.72 
4.72 
5.27 


5.00 


4.60 
4.60 
4.00 


-0.61 
1.17 


—1.90 


—2.64 
-1.68 


—3.80 
4.14 
-1.65 


-1.30 
~1.43 


CG 
980 1340 2240 
7.54 8.41 9.72 
4.80 5.44 5.98 
5.28 5.61 5.75 
5.28 5.61 5.75 
5.16 5.94 (6.05) 
5.30 5,50 5.70 
5.20 5.50 — 
5.20 5.50 = 
4.70 5.10 = 
0.39 0.26 0 
0.88 0.66 0.05 
-1.77 -162 (-1.52) 
-1.88 ~1.38 0.67 
1.48 1.33 -1.22 
~2.80 -1.93 0.37 
2.83 2.26 -1.08 
-1.28 -1.04 
1.10 2.20 3.30 
0.29 0.01 0.81 
1992 


Information Handling Services, 


2000 


API TDB CHAPTER*? xx MM 0732290 0536732 696 


7AI7 


TABLE 7A1.7—CONTINUED 


GROUP VALUES FOR AH/, S°, AND C° OF HYDROCARBONS 


AA, 5; Chi 
Temperature, deg F 77 77 80 
Group or Ring 
Cycloheptane (1) 11,513.5 15.89 -9.07 
Cycloheptene 9,712.1 15.09 
Cycloheptadiene 1,3 11,870.4 19.39 
Cycloheptatriene 1,3,5 (1) 8,452.4 23.68 
Cyclooctane (8) 17,807.7 16.49 -10.54 
cis-Cyclooctene 10,791.2 15.49 
trans-Cyclooctene 27,524.1 14.99 
Cyclooctatriene 1,3,5 16,010.6 21.09 
Cyclooctatetraene 30,761.5 27.58 
Cyclononane 23,027.0 12.19 
cis-Cyclononene 17,807.7 11.19 
trans-Cyclononene 23,027.0 11.19 
Cyclodecane 22,665.9 
Cyclododecane 7,915.0 
Spiropentane (4) 114,223.8 67.56 
Bicycloheptadiene 53,423.1 
Biphenylene 105,771.4 
Bicyclo-(2,2,1)-heptane 29,140.7 
Bicyclo-(1,1,0)-butane (2) = 120,522.3 69.15 
Bicyclo-(2,1,0)-pentane 99,477.2 64.66 
Bicyclo-@, 1,0)-hexane 58,823.0 60.86 
Bicyclo-(4, },0)-heptane 51,987. 55.46 
Bicyclo-(5,1,0)-octane 53,246.8 50.57 
Bicyclo-(6,1,0)-nonane 55,942.5 49.17 


Methylenecyclopropane 73,750.2 


Notes: 

This table yields values of AH, in units of Btu per (lb-mole), S in units of Btu per (Ib-mole) (deg R), and C a in units of Btu per (Ib-mole) 
(deg R). The values in the table have been converted to these units from the SI units in the original table. 

Cy, represents double-bonded C atom, C, the triple-bonded C atom, Cg the atom in a benzene ring and C, an allenic C atom. By convention 
group values for C — (X) (H) will always be taken as those for C — (C) (H) when X is any other polyvalent atom such as Cg, C,, Cp, 0, and S. 
Cpr represents a carbon atom in a fused ring system such as naphthalene, anthracene, etc. Cpr — (Cgp)3 represents the group in graphite. 
Values in parentheses were converted from those estimated by Benson (1976). 

Symmetry numbers not equal to unity are given in parentheses after the ring name in the ring correction section. 

a. When one of the groups is t-butyl, the cis correction = 1719.72, when both are t-butyl, the cis correction = ~4300, and when there are 
two cis corrections around one bond, the total correction is 1289.79, 

b. +5.02 for but-2-ene, 0 for all other 2-enes, and —2.5 for 3-enes. 

c. These refer to repulsions between the H atoms attached to the 1,5 C atoms in such compounds as 2,2,4,4-tetramethy] pentane, and then 
only to the methyls close to each other. 

d. Note that in most cases the AH; correction equals ring-strain energy. 
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7A1.8 
PROCEDURE 7A1.8 
METHOD FOR CALCULATING THE IDEAL GAS 
ENTHALPY AND ENTROPY 
AT ANY TEMPERATURE 
Discussion 
The ideal gas enthalpy of formation at any desired temperature T can be determined from the ideal 
gas enthalpy of formation at 77 deg F by using the following equation. 
T 
= 0 
AH; = AHP +f AG aT (7AL.8-1) 
536.7 
Where: 
AH oe = ideal gas enthalpy of formation of the compound at temperature 7, Btu per lb-mole. 
AH = = ideal gas enthalpy of formation of the compound at 77 F, Btu per Ib-mole. 
Ace = difference in heat capacity of the compound (C,H,,,) and the heat capacity of the 
elements which constitute the compound, 
(nC + Hp ), in Btu per (Ib-mole) (deg R). 
T = temperature, degrees Rankine. 
Similarly, the ideal gas entropy at any desired temperature T can be determined from the ideal gas 
entropy at 77 F by: 
0 
T 
50 = $4 oy (7A1.8-2) 
T 
536.7 
Where: 
sy = ideal gas entropy of the compound at temperature T and 14.7 psia, Btu per (Ib) (deg R). 
So, = ideal gas entropy of the compound at 77 F and 14.7 psia relative to that at absolute zero 
temperature in a perfectly ordered solid state, Btu per (Ib) (deg R). 
Cc, = ideal gas heat capacity, Btu per (Ib) (deg R). 
T = temperature, degrees Rankine. 
This procedure does not directly yield the ideal gas enthalpy of the compound. This quantity may 
be obtained using Equation (7A1.8-3). 
T 
0_ 0 
cs a i} Gg (7A1.8-3) 
Where: 
Hf = ideal gas enthalpy at temperature 7, referred to the base enthalpy of 0 Btu/Ib for the ideal 
gas at 0 R, Btu per lb. 
T = temperature, degrees Rankine. 
Procedure 
(a) For the ideal gas enthalpy of formation 
Step 1: For the desired compound obtain AH, from Chapter 1. 
Step 2: Use the specific ideal gas heat capacity equation for hydrocarbons available in Procedure 
7A1.1 for C,?. Calculate AC)’. 
Step 3: Use Equation 7A1.8-1 to calculate AH fe 
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7A1.8 


(b) For ideal gas eniropy 

Step 1: For the desired compound obtain St. from Procedure 7A1.1-1. and Table 7A1.2. 

Step 2: Use the specific ideal gas heat capacity equation for hydrocarbons available in Procedure 
TAL.1 for C,. 

Step 3: Use equation 7A1.8-2 to calculate SP : 
(c) For the ideal gas enthalpy 


Step 1: Use the specific ideal gas heat capacity equation for hydrocarbons available in Procedure 
TALL. 


Step 2: Use equation 7A1.8-3 to calculate He. 
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7A1.8 
COMMENTS ON PROCEDURE 7A1.8 
Purpose 

This procedure is to be used to obtain the ideal gas enthalpy of formation, entropy, and enthalpy at 
any temperature. 
Special Comments 

The isobaric ideal gas heat capacity of the compounds, G varies over the temperature range for 
the integrations in Equations (7A1.8-1), (7A1.8-2), and (7A1.8-3). The simplest procedure is to 
approximate Ge as a constant. In many cases this is an oversimplification which can lead to severe 
inaccuracies in the calculated ideal gas entropy and enthalpy. A better approach is to use specific 
equations for ce and perform an analytical integration. Specific ideal gas heat capacity equations for 
hydrocarbons are available in Procedure 7A1.1 and Table 7A1.2 as well as other sources. 

If a specific equation for G versus temperature cannot be obtained for the compound under con- 
sideration, an alternative is to use Procedure 7A1.8 (Benson’s method) to generate ideal gas heat 
capacities at various temperatures in the desired temperature range. These heat capacities then can be 
fitted to a polynomial in temperature using any standard regression technique. Once the regression 
parameters have been obtained, it is a simple matter to integrate the polynomial expression. As an 
example, when the following regression equation is used for ohe 

on =agt a\T+ aT” + ar 
Where: 
4, 1, 22, 43 = equation coefficients, 
Equations (7A1.8-2) and (7A1.8-3) then become: 
T ay a3 

SP = 8%, + a) In =e +4,(T- 536.7) + = (T?- 536.77) + —(T?- 536.77 

T 7 a In 536.7 ay( ) 5 ( ) 3 ( ) 

‘: : . a, (T° - 536.77) ay (T?- 536.77) a, (1* - 536.7*) 

Hy, =AHy_ + ao(T— 536.7) + + + —_______. 

7 foq * 06 ) 2 3 4 
Where: 
T = temperature, degrees Rankine. 
Alternatively, the calculated CG. values at various temperatures could be integrated numerically 
using Simpson’s rule or any other numerical integration procedure. 
Example 

Calculate the ideal gas enthalpy of formation of n-butane at 200 F. 

From Chapter 1, AH; _ = 929.42 for butane. 

Butane has a chemical formula C,H). 

ACY will be the difference in the ideal gas heat capacity of C4Hj9 and the ideal gas heat capacity 
of its elements (4 C + 10/2 Hz). 

We will use equation 7A1.1-2 as the expression for heat capacity 

Cp = B+ 2CT + 3DT* + 4ET? + SFT 4 (7A1.1-2) 
The coefficients for this equation are given in Table 7A1.2. 
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7A1.8 
‘ 4 i 659.7 ‘ 
AH fy = BH i + pee [ (Bo,Hy)~ 4Bo- 5By,) + 2(CojHig~ 4Cc- 5Cy,)T 
2 3 
+ 3(De Hy) ~ 4Dc - 5Dy,)T +4(Eo Hig ~ 4Eo- 5Ey, IT 
+ 5(Foyny,) ~ 4Fe - 5Fy,)T*] dT 
oO _ 
AH s,. = —929.42 — 2143.89 
= -3073.31 Btu per lb. 
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7B1.1—7B1.17 


COMMENTS ON FIGURES 7B1.1 THROUGH 7B1.17 


Purpose 


Figures 7B1.1 through 7B 1.17 are direct plots of the enthalpy of 17 pure hydrocarbons as a function 
of temperature and pressure. Enthalpies of pure hydrocarbons are read directly. For mixtures, use 
Procedure 7B4.1. 


Reliability 
The figures are as reliable as the procedure used to generate them. (See Special Comments.) 


Special Comments 


The ideal gas enthalpies were determined using Procedure 7A1.1, and the higher pressure isobars 
were constructed using Procedure 7B3.1. The vapor pressures are consistent with Chapter 5. Addi- 
tional enthalpy diagrams may be constructed in this manner if desired. 
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COMMENTS ON FIGURES 7B2.1 THROUGH 7B2.7 


Purpose 


Figures 7B2.1 through 7B2.7 are enthalpy-entropy diagrams for seven light hydrocarbons as a 
function of temperature and pressure. These plots facilitate calculating the heat effects associated 
with isentropic expansions or compressions of pure hydrocarbons. For mixtures, entropies are to be 
determined using Procedure 7F2.1 and enthalpies from Procedure 7B4.1. 


Reliability 
The enthalpies and entropies from Figures 7B2.1 to 7B2.7 are as reliable as the procedures used to 
generate them. (See Special Comments.) 


Special Comments 


The ideal gas enthalpies and entropies were determined using Procedure 7A1.1, and the higher 
pressure values were determined using Procedure 7B3.1 for enthalpy and 7F1.1 for entropy. The 
vapor pressures are consistent with Chapter 5. Additional diagrams may be constructed in this manner 
if desired. 
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7B3.1 
PROCEDURE 7B3.1 
ENTHALPY OF PURE HYDROCARBON LIQUIDS AND REAL GASES 
Discussion 
The following equation is to be used to predict the effect of pressure on the enthalpy of pure 
hydrocarbons: 
i i iw i (0) 7 i (1) 
= = = +O = (7B3.1-1) 
RT. RT. RT. 
Where: 
~9 ~ 
H -H : ; 
ye the dimensionless effect of pressure on enthalpy. 
fu H (0) 
( RT = effect of pressure on enthalpy for the simple fluid, which is tabulated as a func- 
c tion of 7, and p, in Table 7B3.2 and plotted in Figure 7B3.4. 
i? H (1) 
( RT = correction term for molecular acentricity, which is tabulated as a function of 7, 
c and p, in Table 7B3.3 and plotted in Figure 7B3.5 and 7B3.6. 
T, = reduced temperature, T/T.. 
T = temperature, in degrees Rankine. 
T= critical temperature, in degrees Rankine. 
p,= reduced pressure, p/p,. 
P= pressure, in psia. 
P, = critical pressure, in psia. 
@= acentric factor. 
The dimensionless pressure effect term is used in the following equation to determine the total 
enthalpy of the hydrocarbon: 
RT. (i —& 
foie tS! (7B3.1-2) 
M RT, 
Where: 
H = total enthalpy referred to the basis enthalpy of 0 Btu per lb for the ideal gas at 0 R, in British 
thermal units per pound. His the analogous molar quantity. 
H® = ideal gas enthalpy, in British thermal units per pound. H°® is the analogous molar quantity. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 
Procedure 
Step 1: Obtain the molecular weight, critical temperature, critical pressure and the acentric factor 
from Chapter 1. 
Step 2: Calculate the reduced temperature and pressure at which an enthalpy is desired. 
~0 ay 0 H C1) 
Step 3: Obtain the correlation terms ( RT ) and ( RE } . Ifthe most accurate values 
c c 
are desired, use Tables 7B3.2 and 7B3.3 with linear double interpolation in p, and 7,. When near sat- 
uration, the interpolation procedure may not be satisfactory (see Special Comments). If slightly less 
accurate values are acceptable, they may be obtained rapidly from Figures 7B3.4 through 7B3.6. 
Step 4: Calculate the dimensionless pressure effect term using equation (7B3.1-1). 
Step 5; Obtain the ideal gas enthalpy from Procedure 7A1.1. 
Step 6: Calculate the total enthalpy using equation (7B3.1-2). 
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COMMENTS ON PROCEDURE 7B3.1 


Purpose 


This procedure is to be used to predict enthalpies of pure hydrocarbons in the liquid and real gas 
states when the desired values are not immediately available from Figures 7B1.1 through 7B1.19. 
Tables 7B3.2 and 7B3.3 or Figures 7B3.4 through 7B3.6 are required in this procedure. The method 
is best suited to desk calculations, and Procedure 7B3.7 should be used with electronic computers. 
Ideal gas enthalpies from Procedure 7A1.1 are required in either case. Mixtures are treated in 
Section 7B4. 


Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 


Differences between calculated and experimental pressure effects on enthalpy are generally less 
than 3 Btu per pound. In the critical region, errors as high as 15 Btu per pound can occur. The reli- 
ability of the method decreases with increasing uncertainty in the critical properties. 


Notation 


The notation used in Tables 7B3.2 and 7B3.3 and Figures 7B3.4 through 7B3.6 was defined for 
equations (7B3.1-1) and (7B3.1-2). 


Special Comments 


The broken lines in Tables 7B3.2 and 7B3.3 indicate the discontinuity between liquid (to the right 
and above) and vapor (to the left and below) enthalpies. Interpolations must not be made across this 
line; always use table values which apply to the desired phase only. Near the broken line, the extrap- 
olations which are necessary should be made with respect to reduced pressure at constant reduced 
temperature. 

For saturated vapors or liquids (i.e., at their vapor pressures), do not use the two-phase border out- 
lined on Figure 7B3.4. This border applies only when the acentric factor is zero, and, as acentricity 
increases, the reduced vapor pressure decreases at constant reduced temperature. The best procedure 
is to obtain the vapor pressure from Chapter 5 and proceed as if the phase were homogeneous. 

In regions of very rapid change of the simple fluid and correction terms with reduced pressure 
and/or temperature, a linear interpolation from the tables may not be satisfactory even though the 
table values are spaced more closely. Here, the figures should be used either directly or as a guide for 
interpolation corrections to the results from the tables. 


~O -~, (0) 
: H -dH 
The figures may be extrapolated to lower reduced pressures by noting that ( RT and 
c 
~0 Q) 
H -H : : ae 
RT approach zero as the pressure approaches zero. In many engineering applications, 


these limiting values may be used for all reduced pressures between 0 and 0.2. If even more precise 
results than the extrapolated values are desired (rarely), use the following equation: 


Le te 
(# -H 
RT, 


} =~ p, [ (0.1445 + 0.073 «) — (0.660 — 0.92 w)F,“! — (0.4155 + 1.50 @)T 


— (0.0484 + 0.388 0), - 0.0657 w T.-8 J (7B3.1-3) 


where symbols were defined for equation (7B3.1-1). 


Literature Sources 


Tables 7B3.2 and 7B3.3 were generated using the generalized correlation of Lee and Kesler, AIChE 
Journal 21 510 (1975). Figures 7B3.4 through 7B3.6 are direct plots of the tables. Equation (7B3.1-3) 
was developed by Pitzer and Curl, J. Am. Chem. Soc. 79 2369 (1957). 
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7B3.1 


Example 


Calculate the enthalpy of cyclohexane at 300 F and 1,000 psia. 
From Chapter 1, M = 84.2, T, = 536.7 F, p, =591.0 psia, and w = 0.2149. 


300 + 459.7 . 1000 
536744507 0.762, and the reduced pressure is 5010 


. The reduced temperature is =1.69. 


~Q ~, (0) 


RT 


c 
shows that both interpolations can be safely performed linearly: 


(0) 
} = 4.632 + (4.618 — 4.632) ( 


To determine ( } from Table 7B3.2, interpolate first in reduced pressure. Figure 7B3.4 


~Q ~ 
HA -H 
RT 


Cc 


1.69 — 1.50 
1.80 — 1.50 


At T, =0.75, ( } = 4.623 
(0) 


irks 
At T, = 0.80, eS a } = 4.478 + (4.467 — 4.478) f nese 


1.80 — 1.50 


} = 4.471 


~o ~, (0) 
Combining these, & s) = 4.623 + (4.471 — 4.623) f 


ce 


0.762 — 0.75 
0.8 — 0.75 


} = 4.586 


QQ) 


cae oe 
a) = 5.720 


RT 


Cc 


Similarly, using Table 7B3.3, ( 


The dimensionless pressure effect term is next calculated using equation (7B3.1-1): 


(0) 
} = 4.585 + (0.2149) (5.720) = 5.812 


~ G ~ 

(4 -H 

RT. 

The ideal gas enthalpy is obtained from Procedure 7A1.1 as 174.54 Btu per pound. By combining 


this with the dimensionless pressure effect term using equation (7B3.1-2), the desired enthalpy of the 
real gas is obtained: 


(1.986) (536.7 + 459.7) (5.812) 
84.2 
= 174.54 — 136.6 = 37.94 Btu per pound 


The calculated pressure effect on enthalpy, 136.6 Btu per pound, agrees well with an experimental 
value of 134.1 Btu per pound. 


H = 174.54 —- 
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783.2 
TABLE 7683.2 
rr iy on 
EFFECT OF PRESSURE ON ENTHALPY, SIMPLE FLUID TERM, (4a 
{Part of Procedure 7B3.1) 
Ea Rigid en | es wi oe ee eee 
Reduced ee ~ on = Soa a or — ao ee 
Temperature 0.20 0.40 0.60 0.80 0.50 1.00 1.10 1.20 1.50 1.80 2.09 2.50 3.00 4.00 6.00 8.00 10.00. 
0.30 6.032 6.022 6.011 5.999 5.993 5.987 5.981 5.975 5.957 5.939 5.927 5.897 5.866 5.805 5.688 5.567 5.446 
0.35 5.893 5.880 5.870 5.858 5.852 $845 $839 5.833 5.814 5.796 5.783 5.752 5.720 5.658 $.53f 5.406 5.278 
0.40 5.753 5.738 5.725 5.712 5.706 5.700 5.693 5.687 $.667 5.648 5.635 5.602 5.572 5.507 5.377) 5.245) 5.113 
0.45 5.603 5.591 5578 5.565 5.558 $552 5.545 5.539 5.519 5.500 $.487 5.454 5.421 5.355 5.222 5.087 4.951 
0.50 5.454 5.441. 5428 5.415 5.408 5.402 5.395 5.389 5.369 5.350 5.336 5.303 5.270 5.203 5.066 4.930 4.791 
0.55 5.303 5.291 5.278 5.265 5.259 5.253 5.246 5.240 5.220 5.201 «5.187 5.154 5.321 5.054 «4.918 4.779 4.638 
0.60 5.153 $.14t $129 S117) S.AEL «5.104 5.098 §=$.092.  $.073 5.054 «5.041 5.008 984.975 4.910 4.774 «4.635 4.493 
0.65 5.002 4.991 4.980 4.968 4.963 4.957 4.951 4.945 4.927 4.909 4.896 4.865 4.833 4,769 4.635 4.496 4,354 
0.70 4.848 4.838 4.828 4818 4.813 4,808 4.803 4.797 4.781 4.764 4.753 4.723 4.693 4.631 4.500 4.363 4.221 
0.75 4.687 4.679 4.672 4.664 4.659 4.655 4.651 4.646 4.632 4.618 4.608 4.582 4.554 4.495 4.369 4.234 4.094 
0.80 0.345 i 4,507 4.504 4.499 4.497 4494 4.491 4.488 4.478 4.467 4.459 4.437 4.413 4.361 4.242 4.191 3.973 
0.85 0.300 124302 4 4.313 4.316 4,316 4.317 4.316 4.316 4.313 4.307 4.302 4.287 4.269 4.225 4.116 3.991 3.857 
0.90 0.264 ‘73396 4 4.074. 4.094 4.101 4.108 4.113 4.118 4.127 4.032 4.132 4.129 4.119 4.086 3.991 274 3.744 
0.95 0.235 0.516 0.885 $ 3.763 _ 3.798 3.825 3.847 3.865 3.904 3.929 3.940 3.955 3.958 3.943 3.866 3.758 3.634 
0.98 0.221 0.478 0.797 ““P3TE743.434 3.544 3.607 3.652 3.736 3.784 3.806 3.839 9.854 3.R53 3.790 3.690 3.569 
Semone 
0.99 0.216 0.466 0.773 1.206 1.579 $ 3.376 3.491 3.558 3.670 3.731 3.758 3.799 3.818 3.823 3.765 3.667 3.548 
1.00 0212 0455 0.750 Lf5l 1455 2.593 3.326 3.44f 3.598 3.674 3.706 3.757 3.782 3.792 3.740 3.644 3.526 
1.01 0.208 0.445 0.728 1.102 1366 1.796 3.014 3.283 3.516 3.612 3.652 3.713 3.744 3.760 3.714 3.621 3.505 
1.02 0203 0.434 0.708 1.060 1.295 1.627 2.318 3.039 3.422 3.546 3.595 3.668 3.705 3.729 3.688 3.598 3.483 
1.03 0.200 0.425 0.689 £.022 1.235 1.515 1.953 2657 3.313 3.474 3.534 3.621 3.665 3.696 3.663 3.575 3.462 
1.04 0.196 0.416 O671 0.987 1.184 1.429 1.768 2.285 3.183 3.394 3.468 3.572 3.624 3.664 3.637 3.552 3.441 
1.05 0.192 0407 0.654 0.955 $£.138 1.359 1.642 2.034 3.030 3.307 3.398 3.52L 3.583 3.630 3.611 3.529 3.420 
1.06 0.188 0.398 0.638 0.926 1,098 1.299 1.546 1.864 2.857 3.211 3.322 3.468 3.539 3.597 3.584 3.507 3.399 
1.07 0.185 0.390 0.623 06.899 1.060 1.247 1.467 1.738 2.677 3.107 3.241 3.413) 3.495 3.563 3.558 3.484 3.378 
1.08 0.182 0.382 0.608 0.873 1.027 1.200 140t 1.639 2.504 2994 3.154 3.355 3.449 3.528 3.532 3.460 3.357 
1.09 0.178 0.374 0.595 0.849 0.995 2158 1.343 1.557 2.344 2.876 3.061 3.294 3.402 3.492 3.505 3.438 3.336 
1.10 0.175 06.367 0.581 0.827 0.966 1.120 1.292 1.487 2.203 2.756 2965 3.231 3.353 3.456 3.478 3.415 3.315 
1.11 0.172 0.360 0.569 0.806 0.939 1.085 1.246 1.426 2.079 2.637 2.866 3.166 3.303 3.420 3451 3.392 3.294 
Lt2 0.169 0.353 0.556 0.786 0.914 1.053 1.204 1.372 1.971 2.523 2.767 3.099 3.252 3.383 3.424 3.369 (3.273 
1.13 0166 0.346 0545 0.767 0.890 1.022 1.166 1,323 1.876 2.414 2.668 3.029 3.199 3.345 3.397 3.346 3.253 
115 0.160 0374 0.523 0.732 0.846 0.968 1.098 1.239 1.719 2.216 «2.479 2.888 3.091 3.268 «3.342, 3.299 3.241 
1.20 0.148 0.305 0.474 0.657 0.755 0.857 0.964 1.076 1.443 1.835 2.079 2.837 2.807 3.066 3.201 3.182 3.107 
1.25 0.137 0.281 0.434 0.596 O681 0.769 O86) 0.955 L255 1.573 1.781 2.225 2.528 2855 3.057 3.065 3.003 
1.30 0.127 0.259 0.399 0.545 0.620 0698 0.778 0.860 1.216 1.383 1.560 1.964 2.274 2645 2.909 2.946 2.899 
1.40 0.110 0.224 0,341 0.463 0.525 O.588 0.652 0.716 0.915 1.118 1.253 1.576 1.857 2.255 2.613 2.706 2.692 
1.50 0.097 0.196 0.297 6.400 0.452 0.505 0.558 0611 0.774 0.937 1.046 1.309 1.549 1.926 2.329 2.469 2.486 
1.60 0.086 0.173 0.261 0.350 0.395 0.440 0.485 0.53) 0.667 0.804 0.894 1.114 1.318 1.659 2.070 2.241 2.285 
1.70 0.076 0.153 0.231 0.309 06348 0.387 0.427 0.466 0583 0.700 0.777 0.964 1.139 3.441 1.838 2.027 2.092 
1.80 0.068 0.137 6.206 0.275 0.309 0.344 0.378 0.413 0.515 0.616 0.683 0.844 0.996 1.264 1.636 1.830 1.908 
2.00 0.056 O11) 0.167 0.222 0.249 0.276 0.303 0.330 0.411 0.489 0.541 0.665 0.782 0.993 1.305 1.489 1.577 
2.50 0.035 0,070 0.104 0.137 6.154 0.170 0.187 0.203 0.250 0.296 0.326 0.398 0.465 0.585 O.771 0.890 0.954 
3.00 0.023 0.045 0.067 0.088 0.099 0.109 0.119 0.129 0.159 0.187 0.205 0.248 0.288 0.357 0.460 0.520 0.545 
3.50 O.01S 0.029 0.043 0.056 0.063 0.069 0.075 0.08) 0.099 0.116 0.127 O.1S2 6.174 O.211 0.258 0.274 0.264 
4,00 0.009 0.017 0.026 0.033 0.037 0.041 0.044 0.048 0.058 0.067 6.072 0.085 0.995 0.109 0.116 0.098 0.061 
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Reduced 
Temperature 


7-108 


9.30 
0.35 
0.40 
0.45 
0.50 


0.55 
0.60 
0.65 
0.70 
0.75 


TABLE 7B3.3 
i iy ow 
EFFECT OF PRESSURE ON ENTHALPY, CORRECTION TERM, (fF 
2 
Beis ges Neen a oe ROME, OF Reocedures IBSGUY | s spe eo. a, pee = 
Reduced Pressure 

020 0.40 0.60 080 090 1.00 11 120. +4950 180 2.00 250 3.00 400 6.00 8.00 ‘10.00 
11.093 1 {.080 11.073 11.065 11.062 11.058 11.054 11.051 11.040 11.029 1.022 114.005 10.988 10.955 10.904 10.842 10.782 
10.660 10.658 10.649 10.646 10.644 10.642 10641 10.639 10.634 10.629 10.626 10.618 10.610 10.594 10.565 10.550 10.529 
10.216 20.4220 10.122 10.1239 10.123) 10.123 10.123 10.124 10,125 10.125 10.126 10.128 10.123 10.125 10.132 10.140 t0.151 
9.517 9.519 9.521 9.§23 9.524 9525 9.526 9.527 9.530 9.533 9.535 9.541 9.546 9.558 9.582 9.626 9.661 
8.873 8.877 8.881 8.885 8.887 8.889 8.891 8.893 8.900 8.906 8.910 8.921 8.932 8.955 9.001 9.056 9.101 
8.212 8.218 8.224 8.230 8.234 8.236 8.239 8.243 8.252 8.262 8.268 8.284 8.301 8.330 8.391 8.460 8.530 
7573 7.578 7.584 7.590 7.593 7.591 7.595 7.599 7.611 7.623 7.63% 7.651 7.672 7.708 7.785 7.861 7.948 
6.953 6.959 6.965 6.972 6.975 6.979 6.982 6.986 6.993 7.006 7.015 7.038 7.061 7.104 T.A94 7.284 7.375 
6.360 6.367 6.374 6.380 6.384 6.388 6.391 6.392 6.405 6.419 6.428 6.452 6.477 6.525 6.626 6.730 6.836 
5.795 5.802 5.809 5.816 5.820 5.824 5.828 5.832 5.845 5.858 5.868 5.892 5.958 5.972 6.086 6.203 6.321 

lteladeatad ” 
0,267 ' $.267 5.272 5.278 5.282 5.285 5.289 5.293 5.306 5.321 5.331 5.357 5.385 5.444 5.569 5.695 5.826 
t 4.753 4.757 4.760 4.763 4.767 4.770 4.784 4.800 4.811 4.841 4.874 4.938 5.078 S.219 5.358 
4234, 4.248 4.248 4.249 4.251 4.254 4.268 4.286 4.299 4.334 4.371 4450 4610 4.766 4.914 
0.994 3.737 3.719 3.712 711 3.713 3.730 3.755 3.774 3.823 3.873 3.972 4.160 4.334 4.498 
776 1.33474 3.397 3.332 3.322 3.327 3.363 3.406 3.434 3.504 3.568 3.687 3.897 4.084 4.257 
sccos; 

1.154 1.618 $ 3.164 3.150 3.164 3.223 3.278 3.343 3.392 3.464 3.591 3.810 4.002 4.178 
B 5 k 1.034 1.306 = 2.348 2.888 2.952 3.065 3.143 3.186 3.279 3.358 3.495 3.724 3.920 4.100 
0.183 0.389 0.632 0.940 1.138 1.375 1.866 2.594 2.880 2.995 3.051 3.161 3.251 3.399 3.638 3.841 4.023 
O.175 0.370 0.594 0.863 1.020 1.180 1.078 {.723 2.651 2.831 2.906 3.041 3.142 3.303 3.552 3.761 3,947 
0.167 0.352 0.559 0.797 0.928 1.053 1.080 0.978 2.345 2.645 2.748 2.915 3.031 3.206 3.468 3.682 3.872 
0.160 0.334 0.527 0.741 0.853 0.956 1.004 0.888 1.940 2.430 2.574 2.783 2.917 3.108 3.384 3.604 3.796 
0.153 0.318 0.498 0.691 0.789 0.877 0.928 0.878 1.496 2.181 2.381 2.645 2.800 3.011 3.300 3.525 3.723 
0.146 0.303 0.471 0.647 0.734 OBL 0.860 0.845 1.135 1.902 2.167 2.500 2.680 2.911 3.216 3.448 3.649 
0.140 0.289 0.446 0.607 0.685 0.753 0.800 0.802 0.894 1.613 1.937 2.347 2.556 2.811 3.133 3,372 3.575 
0.134 0.275 0.423 0.571 0.641 0.703 0.747 0.757 0.749 1.345 1.700 2.188 2.429 2718 3.050 3.297 3.504 
0.129 0.263 0.401 0.538 0.602 0.658 0.699 0.714 0.666 LUk7 1.471 2.022 2.299 2.609 2.967 3.222 3.433 
0.123 0.251 0.381 0.507 0.566 0.617 0.655 0.673 0.617 0.933 1.261 1.853 2.167 2.507 2.885 3.145 3.362 
0.118 0.239 0.36L 0.479 0.533 0.580 0.615 0.634 0.583 0.7390 1.078 1.685 2.032 2.404 2.803 3.072 3,292 
0.113 0.228 0.344 0.453 0.503 0.546 0.579 0.598 0.556 0.680 0.923 1.520 1.896 2.301 2.721 2.998 3.223 
0.108 0.258 0.327 0.429 0.475 0.515 0.546 0.564 0.532 0.598 0.795 1.364 1.761 2.197 2.639 2.925 3.185 
0.0199 0.199 0.296 0.385 0.425 0.459 0.486 G.503 0.487 0.488 0.604 1.083 1.497 1.990 2.478 2.782 3.018 
0.080 = 0.158 0.232 0.297 0.325 0.349 0.368 0.381 0.381 0.350 0.361 0.591 0.934 1.489 2.084 2.431 2.692 
0.065 0.126 0.182 0.230 6.250 0.267 0.280 0.289 0.292 0.265 0.251 0.326 0.546 1.047 1.708 2.097 2.381 
0.052 0.100 0.142 0.177 0.191 0.203 0.212 0.218 0.218 0.196 0.178 0.182 0.300 0.694 1.360 1.781 2.086 
0.032 0.060 0.083 0.100 0.107 O11 0.114 0.915 0.108 0.088 0.070 0.034 0.044 0.228 0.774 £215 1.547 
0.018 0.032 0.042 0.048 0.049 0.049 0.048 0.046 0.032 0.010 —0.008 —0.052 —0.078 —0.023 0.348 0.748 1.080 
0.007 0.012 0.013 0.0f1 0.008 0.005 0.001 —0.004 —0.023 —0.047 —0.065 —0.113 —O.151 —0.163 0.056 0.381 0.688 
~- 0.000 —0.003 —0.009 —0.017 —0.021 —0.027 —0.033 —0.040 —0.063 —0.090 —0.109 —0.158 —-0.202 —0.248 --0.142 0.102 0.369 
~0.006 —0.015 —0.025 —0.037 —0.044 —0.051 —0.059 —0.067 0.094 —0.122 —0.143 —0.194 —0.241 —0.306 —0.278 —0.107 0.112 
—0.015 --0.030 —0.047 —0.065 —0.075 —0.085 —0.094 0.105 —0.136 —0.168 —0.190 —0,244 —0.295 —0.379 —0.442 —0,383 —0.255 
0.025 0.049 —0.075 Q.100 —0.112 —0.125 —0,138 —0.150 —0.188 —0.226 —0.250 ~0.310 ~0.367 —0.469 —0.616 —0.690 —0.704 
—0.029 —0.058 —0.086 —O.114 ~0.128 —0.142 —0.156 —0.170 —0.21] —0.252 —0.278 —0.342 —0.403 —0.514 —0.694 0.819 —0.899 
—0.031 —0.062 —0.092 —0.122 ~0.137 —0.152 —0.167 —0.181 —0.224 —0.267 —0.294 0.361 0.425 0.544 0.744 0.899 —1.014 


—0.032 —0.064 —0.096 —0.127 —0.143 —0.158 —0.173 —0.188 —0.233 —0.277 —0.306 —0.375 —0.442 —0.567 —0.782 —0.9$7 —1,097 
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7B3.7 


PROCEDURE 7B3.7 


ALTERNATE (COMPUTER) METHOD FOR THE ENTHALPY OF PURE 
HYDROCARBON LIQUIDS AND REAL GASES 


Discussion 


The following generalized correlation, which was used to generate Tables 7B3.2 and 7B3.3, is 
recommended for calculating the pressure effect on the enthalpy of pure hydrocarbon liquids and 
gases by a digital computer. 

The equation to be used is: 


| (7B3.7-1) 


} = the dimensionless effect of pressure on enthalpy of the fluid of interest. 


x 
me) t 
aj 
yy 
me 
i, eee 
ll 


effect of pressure on enthalpy for the simple fluid, to be calculated from 
equation (7B3.7-2). 


effect of pressure on enthalpy for the heavy reference fluid (m-octane), to be 
calculated from equation (7B3.7-2). 
T. = critical temperature of the fluid for which the enthalpy is desired, in degrees 
Rankine. 
@ = acentric factor of the fluid for which the pressure effect on enthalpy is being 
sought. 
ow = acentric factor of the heavy reference fluid = 0.3978. 


The dimensionless effects of pressure on the enthalpies of the simple fluid and the heavy reference 
fluid are to be calculated from the following equation: 


oO ea) . b, +2b,/T. +3b,/T? c,-30,/T? dd 
(4 —H) = 5 Pa eae: 3/4, 44, Co See {+38} (7B3.7-2) 
RT, TY, 2T, Ve 5Tp V 


r 


Where: 


ty 

ll 
N 
ws 
———“_ 

Dm 

+ 

i 

| 
—— 

a=) 

+ 

+ 
a ee 
Noy 

@ 

x 

a] 
—N‘ 

| 
= | 
Gey 
ae ey, 


~O ~ ~O ~, (0) 
H = = 
( Ht) = (# ) when the equation is applied to the simple fluid. 


~0 ~O >. (A) 

H -H H -#H : : : 

( = ( RT } when the equation is applied to the heavy reference fluid. 
ch 


T, = reduced temperature, 7/T,. 

= critical temperature in degrees Rankine. 

temperature, in degrees Rankine. 

/ = p.V/RT., is obtained from Procedure 6B1.8. 

@ = 20) of ght) depending on whether the equation is applied to the simple fluid or the heavy 
reference fluid. 

2 = compressibility factor of the simple fluid, obtained from Procedure 6B1.8. 


2) = compressibility factor of the heavy reference fluid, obtained from Procedure 6B 1.8. 
bo, b3, by, €2, C3, 4, dp, ¥ and B are two sets of constants, one set for the simple fluid and another 


for the heavy reference fluid. The values of the constants are given in Procedure 6B1.8. 
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With the term for dimensionless pressure effect on enthalpy from equation (7B3.7-1), the total 
enthalpy for the fluid of interest may be found from the following equation: 


RT. (7° _ 
H = Ho-—_* a") (7B3.7-3) 


Where: 
H = total enthalpy in British thermal units per pound, referred to the basis enthalpy of 0 Btu per 


Ib for the ideal gas atO R. H isthe analogous molar quantity. 


F : =O. 2 
H® = ideal gas enthalpy, in British thermal units per pound. H ~ is the analogous molar quantity. 
R = gas constant, 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 


ol 


Procedure 


Step J: Obtain the critical temperature, critical pressure, the molecular weight, and the acentric 
factor from Chapter 1. 

Step 2: Calculate the reduced temperature and pressure at which the enthalpy is desired. 

Step 3: Use Procedure 6B1.8 to determine the compressibility factor of the simple fluid at the 
reduced temperature and pressure calculated in Step 2. Retain 7,, V,, and the constants by, b3, bg, c9, 
C3, C4, d>, y and B for the simple fluid. 


0 
-H 
Step 4: Use equation (7B3.7-2) to obtain (He } 


c 
Step 5: Repeat Step 3 for the heavy reference fluid. 
~O ~ (A) 
. _ {HH -H 
Step 6: Use equation (7B3.7-2) to obtain RE 


wee a 
Step 7: Use equation (7B3 .7-1) to obtain = if ). 


Cc 


Step 8: Obtain the ideal gas enthalpy from Procedure 7A1!.1 and use equation (7B3.7-3) to obtain 
the enthalpy of the real fluid. 


COMMENTS ON PROCEDURE 7B3.7 


Purpose 


This procedure is presented to be used with a digital computer to calculate enthalpies of pure 
hydrocarbon liquids and gases. The results from Procedures 6B1.8 and 7A1.1 are required directly 
in this procedure. For mixtures, use the method described in Comments on Procedure 7B4.1. 


Limitations 


This procedure has not been extensively tested with data for nonhydrocarbons. However, reason- 
able results should be expected for nonpolar and slightly polar nonhydrocarbons. 


Reliability 


Differences between calculated and experimental pressure effects on enthalpy are generally less 
than 3 Btu per pound. In the critical region, errors as high as 15 Btu per pound can occur. 

The equations may be used between reduced temperatures of 0.3 and 4.0 and between reduced 
pressures of 0 and 10,0. However, it is believed that the equation can be used for reduced pressures 
as high as 20 or above, with very little additional error. The reliability of the method decreases with 
increasing uncertainties in the critical properties. 


Special Comments 


For saturated vapors, use both temperature and pressure as input (with the vapor pressure 
predictions from Chapter 5, when necessary) and perform the calculations as if the point were in 
the homogeneous region. 


Literature Source 
The equations in this procedure were developed by Lee and Kesler, AJCAE Journal 21 510 (1975). 
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PROCEDURE 784.1 
LIQUID AND REAL GAS ENTHALPY OF HYDROCARBON MIXTURES 


Discussion 


The tables and figures of Procedure 7B3.1 are to be applied to hydrocarbon mixtures by using the 
pseudocritical temperature and pressure to calculate reduced conditions instead of the true critical 
temperature and pressure. The pseudocritical properties, which are approximated as the molar 
averages of the component true critical properties, are given in Chapter 4 for mixtures of defined and 
undefined composition and blends of the two. The mixture acentric factor, which is defined as the mo- 
lar average of the component acentric factors, may be estimated for undefined mixtures from Chapter 
2. These approximations are summarized below: 


Tye Del a (7B4.1-1) 
i=l 
Where 
T,. = pseudocritical temperature, in degrees Rankine. 


1; = critical temperature of component i, in degrees Rankine. 
number of components in the mixture. 
x; = mole fraction of component i. 


= 
tou 


n 
Poe = Le Pet (7B4.1-2) 
i=l 
Where: 
Ppe = pseudocritical pressure, in pounds per square inch absolute. 
Pq = critical pressure of component i, in pounds per square inch absolute. 


nr 
o= ¥ x0, (7B4.1-3) 
i=l 
Where: 
mixture acentric factor. 
@; = acentric factor of component i. 


tou 


The results from these equations are used to calculate the reduced conditions so that Procedure 
7B3.1 may be used to calculate the effect of pressure on the mixture enthalpy. This pressure correction 
is then subtracted from the ideal gas enthalpy of the mixture, which is defined as: 


n 
H°= ¥ xP (7B4.1-4) 


i=1 


H° = ideal gas enthalpy, in British thermal units per pound. The subscript 7 refers to component 
i in the n component mixture. 
weight fraction of component i. 


XWi 


Procedure 


Step 1: For mixtures of known composition, obtain from Chapter | the molecular weights and the 
critical pressures and temperatures and the acentric factors for all of the components. (For hydrogen, 
use 7. = 75 R, p. = 305 psia, and w = 0.) 

Step 2: Calculate the pseudocritical temperature and pressure using equations (7B4.1-1) and 
(7B4.1-2) and the mixture acentric factor using equation (7B4.1-3). [For blends of petroleum frac- 
tions with mixtures of known composition, obtain the pseudocritical conditions from Chapter 4 and 
the acentric factor for the petroleum fraction portion from Chapter 2. Complete the acentric factor 
calculation using equation (7B4.1-3)]. 

Calculate the reduced temperature and pressure. 

Step 3: Calculate the ideal gas enthalpy of the mixture using equation (7B4.1-4). Input enthalpics 
for pure hydrocarbons are to be taken from Procedure 7A1.1. (For blends of hydrocarbons with 
petroleum fractions, obtain the ideal gas enthalpy for the petroleum fraction portion from Procedure 
7B4.2. Do not make a pressure correction.) Calculate the molecular weight of the mixture (with input 
for the petroleum fraction portion, if present, from Chapter 2). 

Step 4: Calculate the effect of pressure on mixture enthalpy using Steps 3 and 4 of Procedure 7B3.1 
and the total mixture enthalpy using Step 6 of the same procedure. 
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COMMENTS ON PROCEDURE 7B4.1 


Purpose 


This procedure is to be used with Procedure 7B3.1 to estimate the enthalpies of mixtures of hydro- 
carbons which may contain nonpolar nonhydrocarbon substances. Mixtures of known composition 
and blends of known compounds with petroleum fractions are treated. For petroleum fractions alone, 
use Procedure 7B4.2. 


Limitations 


In general, the method is not applicable to mixtures containing polar components. 


Reliability 


Differences between calculated and experimental pressure effects on enthalpy are generally less 
than 3 Btu per pound. In the critical region, errors as high as 20 Btu per pound may occur for mixtures 
containing molecules of widely dissimilar size and shape. In these cases the use of a simple molar 
average of the critical properties, as calculated by equations (7B4.1-1) and (7B4.1-2), often leads to 
high errors. 

When compared with approximately 4,000 data points for hydrocarbon mixtures of known com- 
position over a wide range of temperature and pressure, the overall average error was about 4 Btu per 
pound, with a majority of the errors less than 3 Btu per pound. 

The reliability of the modification for blends of hydrocarbons with mixtures of undefined compo- 
sition was not tested. 


Special Comments 


For hydrocarbon-hydrocarbon mixtures which do not contain methane, slightly better results are 
obtained in the immediate critical region if true rather than pscudocritical temperatures and pressures 
are used. This region is defined approximately by the following pseudoreduced condition boundaries. 
1.0< 7, < 1.2 and 1.0 <p, < 3.0. True critical conditions are correlated in Chapter 4. Notice that the 
liquid phase can exist in this region even though the pseudoreduced temperature is greater than unity 
(see Introduction). 

For supercritical temperatures (7, > 1) and high pressures (p, > 5), the error can be reduced slightly 
by using the following mixture correspondence pressure instead of the pseudocritical pressure de- 
fined by equation (7B4.1-2): 


n 
RT, ck X jlo; 
Pme = —— l (7B4.1-5) 
LD xVM; 
i=l 
Where 
Pme = Mixture correspondence pressure, in psia. 

R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
Zej = critical compressibility factor of component i (from Chapter 1). 
V; = critical volume of component i (from Chapter 1), in cubic feet per pound, 


x 
i 


molecular weight of component i (from Chapter 1), in Ib per Ib-mole. 


More reliable enthalpies can be obtained under most temperature-pressure conditions by using the 
mixture correspondence rules of Lee and Kesler (42), Joffe (35), Stewart et al. (71), or Leland and 
Mueller (44). However, the small advantage in accuracy does not justify the added labor involved in 
using these methods. 

For computer enthalpy calculations, Procedure 7B3.7 may be adapted to mixtures using the mix- 
ture correspondence point as described in Procedure 6B2.2 for gas densities. Mixtures of known com- 
position, petroleum fractions, and blends of the two may be treated. The reliability for mixtures of 
known composition is approximately the same as quoted previously. For petroleum fractions, obtain 
the necessary ideal gas enthalpies from Procedure 7B4.2 without using a pressure correction. 


Literature Sources 


Equations (7B4.1-1) and (7B4.1-2) were given by Kay, Ind. Eng. Chem. 28 1014 (1936). Equation 
(7B4.1-5) was developed by Prausnitz and Gunn, AIChE 4 430 (1958). 
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Example 


Estimate the enthalpy of a gaseous mixture of 39.2 mole percent n-pentane and 60.8 mole percent 
n-octane at 590 F and 1,400 psia. 

The following tabulation of critical properties, molecular weights, and acentric factors was 
obtained from Chapter 1. The ideal gas enthalpies were obtained from Procedure 7A 1.1. 


Critical 
Pres- Ideal Gas 
sure, p, Enthalpy 
Critical (Pounds H® 
Temperature per (British 
T. Square Acen- Wt. = Thermal 
Mole =<———*———_Inch tric Mol. Frac- Units 
Frac- Deg Deg Abso-  Fact., Wt., ‘tion, per 
tion F R lute) wo M Xe Pound) 
n-Pentane 0.392 385.7 845.4 488.6 0.2486 72.2 0.290 422.36 
n-Octane 0.608 564.2 1023.9 3606 0.3962 114.2 0.710 418.33 
Molar Average —_— 494.2 953.9 410.8 0.3383 97.7 _ i 
Weight Average —_— _— —_— _ 419.50 
. 590 + 459.7 _ 1,400 : 
The reduced temperature is 953.9 1.100 and the reduced pressure is 4108 ~ 3.41. Using 
~~. (0) 
HA - 


these reduced conditions in Step 3 and 4 of Procedure 7B3.1, ( } is interpolated as 3.360 


RT. 
~o9 ~ CD) 
H -H i 

and | - RT as 2.209. The effect of pressure on enthalpy is: 


c 


sy 
oe = 3.360 + (0.3383) (2.209) = 4.107 


The ideal gas enthalpy of the mixture is 419.5 Btu per pound, as calculated previously. The total 
enthalpy of the mixture is calculated using Step 6 of Procedure 7B3.1: 


(1.986) (953.9) (4.107) 
7.7 


H = 419.50 


= 419.5 — 79.6 


= 339.9 Btu per pound 


The calculated pressure effect on enthalpy, 79.7 Btu per pound, agrees well with an experimental 
value of 80.0 Btu per pound. 
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PROCEDURE 7B4.2 
ENTHALPY OF PETROLEUM FRACTIONS 


Discussion 


This procedure, which includes Figures 7B4.3 through 7B4.6, is to be used to determine the 
enthalpy of petroleum factions. Figures 7B4.3 through 7B4.6 are direct plots of liquid and vapor 
enthalpies of petroleum fractions at 0 atm to 1 atm. Each figure is applicable to a different value of 
the Watson characterization factor (defined in Chapter 2). 

Corrections for pressure effects are made by using Procedure 7B3.1. Calculate the pseudocritical 
properties by using the methods of Chapter 4 and the molecular weight and acentric factor from 
Chapter 2. Pressure corrections are not necessary for the liquid phase if the reduced temperature is 
less than 0.8 and the reduced pressure is less than 1.0. 

Heats of vaporization at 0 atm to | atm are simply the difference between vapor and liquid enthal- 
pies read from the solid lines. Superatmospheric latent heats should be taken from the difference 
between the vapor and liquid enthalpies after corrections for pressure effects are made for each phase. 


Procedure 


Step 1: Using the available inspection data for the fraction, determine the Watson characterization 
factor, K, with the methods of Chapter 2. 

Step 2: Calculate the pseudocritical temperature and pressure using the methods of Chapter 4. 

Step 3: Calculate the reduced temperature and pressure. 

Step 4: Use the two figures from Figures7B4.3 through 7B4.6 which bracket the Watson K factor 
to read the 0 atm to 1 atm enthalpy directly from the solid lines (designated VAP for vapor and LQ 
for liquid) of API gravity. If the fraction is a liquid with 7, < 0.8 and p, < 1.0, the desired enthalpy 
may be obtained directly by linear interpolation in Watson K. If not, proceed to Step 5. 

Step 5: Use the methods of Chapter 2 to determine the molecular weight and acentric factor for the 
fraction. 

Step 6: For the vapor phase, pressure corrections for each figure may be calculated by using 
Procedure 7B3.1 directly. For liquids, the difference between the pressure correction terms 


~0 

H - ‘ ; aa 

RT at the temperature and pressure in question and the same temperature and the critical 
Cc 


pressure is the required pressure correction. Expressed mathematically: 


266 2g ce sp 
Cardia” a ig no” ar) 
RT, /liq. RT, /liq. at T, p RT, lig. at T,p,= 1.0. 


No correction for pressure effects are needed for the liquid phase below a reduced temperature of 
0.8 and a reduced pressure of 1.0. 

Step 7: After correcting for pressure effects for cach figure, the desired enthalpy may be obtained 
by linear interpolation in Watson K. 

Note that heats of vaporization may be calculated by taking the difference between the vapor and 
liquid enthalpies at any given temperature and pressure. 
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COMMENTS ON PROCEDURE 7B4.2 


Purpose 


This procedure, which includes Figures 7B4.3 through 7B4.6 is to be used to determine the 
enthalpy and total heat of vaporization of petroleum fractions. For the enthalpy of petroleum fractions 
mixed with identifiable hydrocarbons, use Procedure 7B4.1. 


Limitations 


This method is not reliable in the immediate critical region. 


Reliability 


Outside the critical region, this procedure is estimated to be reliable to within 3 Btu per pound for 
liquids and about 5 Btu per pound for vapors. In the critical region, errors around 10 Btu per pound 
for liquids and 15 Btu per pound for vapors, with occasional errors as high as 40 Btu per pound may 
be expected. The accuracy of this method relies heavily on the accuracy of the pseudocritical 
properties, the molecular weight, and acentric factor. 


Special Comments 


If the ASTM distillation data and molecular type analysis for the fraction are available, the pseudo- 
compound method of Huang and Daubert, Ind. Eng. Chem. Proc. Des. and Develop. 13 359 (1974), 
is recommended over Procedure 7B4.2. The accuracy of the pseudocompound method is about 3 Btu 
per pound for liquids and vapors in both the critical and noncritical regions. 


Literature Sources 

Private communication, B. I. Lee and M. G. Kesler, Mobil Oil Corp., Princeton, N.J. (January 
1975). 
Example 


Calculate the vapor enthalpy at 600 F and 50 psia of a petroleum fraction with an average boiling 
point of 407.2 F and an API gravity of 43.5 (specific gravity of 0.8086). 
From the definition of the characterization factor, 


x = £4072 + 459.10 
0.8086 


From the methods in Chapter 4, 7, = 751F and Ppc = 314 psia. Then, 


= 11.8 


T — (600+ 459.7) 


Teg = ast asogy 
pe 
P 50 
p, = 2 = 2 = 0.159 
pe 5 31h 


From Figure 7B4.5, at 600 F, interpolation between API gravities of 40 and 50 give an ideal gas 
(zero pressure) enthalpy of 519 Btu per pound. 

Using the methods in Chapter 2, the fraction was found to have a molecular weight of 168 and an 
acentric factor of 0.422. From the Procedure 7B3.1, 


~0O ~ 
(2 -H 
RT, 


} = 0.325 


Thus, the total enthalpy under the desired conditions is: 


(1.986) (751 + 459.7) (0.325) 
164 


H = 519 


= 314 Btu per pound. 


An experimental value was found to be 516 Btu per pound. 
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PROCEDURE 7B4.7 


ALTERNATE (COMPUTER) METHOD FOR ENTHALPY OF 
PETROLEUM FRACTIONS 


Discussion 


The following equations, which were used to generate Figures 7B4.3 through 7B4.6, are recom- 
mended for estimating the enthalpy of petroleum fractions using a digital computer. 
Region I. Liquid phase where 7, <0.8 and P. < 1.0, the equation is: 


H, = A, [T- 259.7] +A, [T° — (259.7)7] +A, [7 — (259.7)7] —(7B4.7-1) 
Where: 
Hf, = enthalpy of liquid petroleum fraction with 7. < 0.8 and PF. < 1.0, in British thermal units 
per pound. 


oo (1149.82 — 46.535 K )7 
A, = 1073] — 1171.26 + (23.722 + 24.907 sp gr) K+ ae ; 


Sp gr 


Ay = 107°) (1.0+0.82463 K) [so.086— }I. 


. 3 7 
A3 = ~1077) (1.0 + 0.82463 K) [9.6757- cai 


Sp gr 


p, = reduced pressure = p/p,,.. 

= pressure, psia. 

Ppe = pseudocritical pressure, psia. 

T, = reduced temperature = 7/7,... 

= temperature, degrees Rankine. 

The = pseudocritical temperature, degrees Rankine. 
K = Watson characterization factor. 

Sp gr = specific gravity, 60 F/60 F. 


No correction for pressure effects is needed for the liquid phase below a reduced temperature of 0.8 
and reduced pressure of 1.0. 
Region IT. Vapor phase or liquid phase with 7, > 0.8 or p, > 1.0, the equation is: 


H = H,t+B,(T~-087,,] +B, [T ~0.64(Z,,)7] +B, [T° ~ 0.512 (F.)71 


RT, © H° — | 
+ —?* . 4.507 + 5.266@— (4 #) (7B4.7-2) 
M RT, 
Where: 
H = enthalpy of petroleum fraction in Region II, Btu per lb. 
Hl, 7 = liquid enthalpy at a reduced temperature of 0.8 calculated by equation 

(7B4.7-1) in British thermal units per pound. 

B, = 1073|— 356.44 + 29.72K +B, [298.00 a : 
L Sp gr 
6. 253.87 \| 
By = 10 §) _ 146.24 4+ (77.62 -2.772K) k—B,{301.42- ae } : 
ie sp gr 

B; = 107° [- 56.487 —2.95B,]. 

= 52 
By = “ = 10] ( 1.0 — uw } (sp gr — 0.885) (sp gr — 0.70) (10%) 

7 for 10.0 < K < 12.8 with 0.70 < sp gr < 0.885. 7 
By = 0 for all other cases. 
M = molecular weight, in Ib per Ib-mole. 
R = gas constant, 1.986 Btu per (Ib-mole) (deg R). 

ee 
& = dimensionless pressure effect on enthalpy, obtained from Procedure 7B3.2. 
pe 

@® = acentric factor. 
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Procedure 


Step J: Using the available inspection data for the fraction, determine the Watson characterization 
factor and the molecular weight, using the methods of Chapter 2. 

Step 2: Calculate the pseudocritical temperature and pseudocritical pressure of the fraction, using 
the methods of Chapter 4. 

Step 3: Calculate an acentric factor (0) for the fraction, using the methods given in Chapter 2. 

Step 4: Calculate the reduced temperature and pressure. If the fraction is in the vapor phase, or in 
the liquid phase with either 7, > 0.8 or P. > 1.0, proceed directly to Step 6. 

Step 5: Calculate the liquid enthalpy from equation (7B4.7-1). This is the desired enthalpy for the 
petroleum fraction. 

Step 6: Calculate Hf using equation (7B4.7-1) with T= 0.8 T,,.. 

~o 
Step 7: Using Procedure 7B3.1, calculate the enthalpy pressure correction term, (ae }. This 
c 

step may be disregarded if p, < 0.01. 

Step 8: Use equation (7B4.7-2) to calculate the desired enthalpy for the petroleum fraction. 


Note that heats of vaporization may be calculated by taking the difference between the vapor and 
liquid enthalpies at any given temperature and pressure. 


COMMENTS ON PROCEDURE 7B4.7 


Purpose 

This procedure is presented as an alternate to Procedure 7B4.2, to be used for calculating the 
enthalpy of petroleum fractions with a digital computer. 
Limitations 


This method is not reliable in the immediate critical region. 


Reliability 


Outside the critical region, this procedure is estimated to be reliable to within 3 Btu per pound for 
liquids and about 5 Btu per pound for vapors. In the critical region, errors around 10 Btu per pound 
for liquids and 15 Btu per pound for vapors, with occasional errors as high as 40 Btu per pound may 
be expected. The accuracy of this method relies heavily on the accuracy of the pseudocritical proper- 
ties, the molecular weight, and acentric factor. 


Special Comments 


If the ASTM distillation data and molecular type analysis for the fraction are available, the pseudo- 
compound method of Huang and Daubert, Ind. Eng. Chem. Proc. Des. and Develop. 13 359 (1974), 
is recommended over Procedure 7B4.2. The accuracy of the pseudocompound method is about 3 Btu 
per pound for liquids and vapors in both the critical and noncritical regions. 


Literature Sources 


Private communication, B. I. Lee and M. G. Kesler, Mobil Oil Corp. Princeton, N.J. (January 
1975). 
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PROCEDURE 7C1.1 
HEAT OF VAPORIZATION OF PURE HYDROCARBONS 


Discussion 


The following thermodynamically consistent equation is recommended for calculating the heat of 
vaporization of pure hydrocarbon fluids at saturation pressure for temperatures between the normal 
boiling point and 7, = 0.9: 

H yap = AC-T,)8 + Tr (7C1.1-1) 


vap 


Where: 
Ai,gp = Heat of vaporization at 7, in Bu per Ib. 
7, = reduced temperature. 


A, B, C = derived coefficients. 


Table 7C1.2 gives the coefficients for the above equation. 


Procedure 


For the desired compounds, use the coefficients from Table 7C1.2 in equation (7C1.1-1). 


COMMENTS ON PROCEDURE 7C1.1 


Purpose 


This procedure, which includes Table 7C1.2, is to be used to calculate the heat of vaporization of 
pure hydrocarbons at saturation pressure as a function of temperature. 


Limitations 


This method should be used only within the specified temperature region. 


Reliability 


The heat of vaporization is estimated to be reliable to within 3 percent. Large errors may be en- 
countered if the equation is used outside the specified temperature range. 


Literature Sources 


The data were obtained from the DIPPR-Compilation data bank as reported by Daubert and Danner 
(extant 1988) and from TRC Thermodynamic Tables-Hydrocarbons and Nonhydrocarbons, Thermo- 
dynamic Research Center, The Texas A & M University System, College Station, Texas (extant 
1988), Additional data were obtained from Chapter 1. API monograph series were used to obtain data 
for tetralin (API publication 705, October 1978), phenanthrene (API publication 708, January 1979), 
cis and trans decalin (API publication 706, October 1978), naphthalene (API publication 707, 
October 1978), indan (API publication 714, April 1980) and acenaphthalene (API publication 715, 
January 1981). 
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COMPOUND NAME 


OXYGEN 

HYDROGEN 

WATER 

NITROGEN DIOXIDE! 
NITRIC OXIDE 
NITROUS OXIDE 
AMMONIA 
CHLORINE 
HYDROGEN CHLORIDE 
10 HYDROGEN FLUORIDE? 
11 HYDROGEN SULFIDE 
12 NITROGEN 

13. CARBON 

14. CARBON MONOXIDE 
15 CARBON DIOXIDE 

16 SULFUR DIOXIDE 

17. METHANE 

18 ETHANE 

19 PROPANE 

20 BUTANE 

21 ISOBUTANE 

22 PENTANE 

23 ISOPENTANE 

24 NEOPENTANE 

25 HEXANE 

26 2-METHYLPENTANE 
27 3-METHYLPENTANE 
28 2,2-DIMETHYLBUTANE 
29 n-HEPTANE 

30. 2-METHYLHEXANE 

31 3-METHYLHEXANE 
32 2,4-DIMETHYLPENTANE 
33 n-OCTANE 

34. 2,2. DIMETHYLHEXANE 
35 2-METHYLHEPTANE 
36 2,2,4- TRIMETHYLPENTANE 
37 n-NONANE 

38 n-DECANE 

39 n-UNDECANE 

40 n-DODECANE 

41 n-TRIDECANE 

42 n-TETRADECANE 

43 n-PENTADECANE 

44 n-HEXADECANE 

45 n-HEPTADECANE 

46 n-OCTADECANE 


WComArAIAUN WN — 


761.2 
TABLE 7C1,.2 
COEFFICIENTS FOR PURE HYDROCARBON HEAT OF VAPORIZATION EQUATION 
Heat of 
Vaporization 
at T, 
A B Cc (predicted) Ty, 
(Btu per |b) 
103.1272 —0.1008 0.4141 91.1 0.583 
94.3533 —2.0460 2.1284 190.7 0.612 
1123.3800 —0.0577 0.3870 974.4 0.576 
305.7095 0.4059 0.0000 194.0 0.673 
226.9691 0.3839 0.0000 160.1 0.596 
706.8605 —0.0170 0.3739 588.9 0.591 
149.1104 0.0720 0.2580 123.6 0.573 
260.7684 0.3466 0.0000 193.1 0.579 
324.1932 0.3736 0.0000 236.5 0.569 
98.4169 -0.1137 0.4281 85.4 0.612 
2998 .0000 0.0000 0.0000 2998.0 

115.9663 0.0670 0.2844 92.0 0.614 
148.8386 —0.6692 0.9386 119.7 0.839 
246.8814 0.3998 0.0000 169.3 0.610 
245.4093 —0.1119 0.4127 218.8 0.586 
252.8613 0.0045 0.3236 210.1 0.603 
262.3463 0.3649 0.0000 183.4 0.624 
244.4772 0.3769 0.0000 166.1 0.641 
234.4630 0.3853 0.0000 158.0 0.640 
232.4351 0.3838 0.0000 153.9 0.658 
224.9082 0.3952 0.0000 147.7 0.654 
203.4247 0.3852 0.0000 135.5 0.651 
221.5256 0.3861 0.0000 143.7 0.673 
213.6254 0.3839 0.0000 139.5 0.670 
226.7045 0.4134 0.0000 143.9 0.666 
198.3207 0.3773 0.0000 131.9 0.660 
213.6732 0.3834 0.0000 136.7 0.687 
214.4420 0.4083 0.0000 133.8 0.684 
210.1199 0.3929 0.0000 133.9 0.681 
201.2104 0.3968 0.0000 127.9 0.680 
210.2515 0.4004 0.0000 129.6 0.701 
196.5371 0.4063 0.0000 121.9 0.691 
195.2322 0.3669 0.0000 125.7 0.698 
182.3280 0.3837 0.0000 117.1 0.684 
200.9626 0.3827 0.0000 124.8 0.711 
198.3833 0.3909 0.0000 120.0 0.723 
196.4374 0.3932 0.0000 116.6 0.734 
194.8972 0.4068 0.0000 112.0 0.743 
191.1433 0.4160 0.0000 106.9 0.752 
188.4746 0.4180 0.0000 103.6 0.760 
185.5884 0.4185 0.0000 100.4 0.769 
183.7068 0.4211 0.0000 97.6 0.777 
182.5114 0.4329 0.0000 93.9 0.784 
179.5560 0.4169 0.0000 93.4 0.791 
178.1126 0.4275 0.0000 89.9 0.797 


47 n-NONADECANE 


Heat of Vaporization values given in Btu per pound. 
Tj, stands for normal boiling point. 


T,, is reduced normal boiling point. 


1992 


1 


Heat of vaporization is 356.21 Btu per pound at reduced 
temperature of 0.8462. 


Heat of vaporization is 175.5 Btu per pound at reduced 
temperature of 0.6344. 
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701.2 
TABLE 7C1.2 (Continued) 
COEFFICIENTS FOR PURE HYDROCARBON HEAT OF VAPORIZATION EQUATION 
Heat of 
Vaporization 
at T;, 
COMPOUND NAME A B Cc (predicted) Th, 
(Btu per Ib) 

48 n-EICOSANE 175.1340 0.4089 0.0000 89.8 0.804 
49 CYCLOPENTANE 222.5846 0.1808 0.1706 167.1 0.629 
50 METHYLCYCLOPENTANE 226.8672 0.3967 0.0000 150.0 0.647 
51 ETHYLCYCLOPENTANE 215.8747 0.3912 0.0000 141.3 0.661 
52. 1,1-DIMETHYLCYCLOPENTANE 115.5163 —0.9248 1.1921 134.0 0.660 
53. cis-1,2-DIMETHYLCYCLOPENTANE 208.6613 0.3772 0.0000 139.0 0.659 
54 trans-1,2-DIMETHYLCYCLOPENTANE 208.4801 0.3911 0.0000 136.7 0.659 
55 cis-1,3-DIMETHYLCYCLOPENTANE 199.5349 0.3631 0.0000 134.7 0.660 
56 trans-1,3-DIMETHYLCYCLOPENTANE 213.0377 0.4061 0.0000 137.4 0.659 
57 n-PROPYLCYCLOPENTANE 212.8665 0.4262 0.0000 132.6 0.670 
58 n-BUTYLCYCLOPENTANE 275.4507 0.3800 0.0000 176.1 0.691 
59° n-PENTYLCYCLOPENTANE 190.0597 0.3800 0.0000 119.6 0.704 
60 n-HEXYLCYCLOPENTANE 185.4138 0.3800 0.0000 114.9 0.715 
61 n-HEPTYLCYCLOPENTANE 181.5795 0.3800 0.0000 110.9 0.726 
62 n-OCTYLCYCLOPENTANE 178.0279 0.3800 0.0000 107.2 0.736 
63 n-NONYLCYCLOPENTANE 174.3558 0.3800 0.0000 103.6 0.745 
64 n-DECYLCYCLOPENTANE 171.0520 0.3800 0.0000 100.3 0.754 
65 n-UNDECYLCYCLOPENTANE 168.2895 0.3800 0.0000 97.4 0.762 
66 n-DODECYLCYCLOPENTANE 165.7482 0.3800 0.0000 94.8 0.770 
67 n-TRIDECYLCYCLOPENTANE 163.8960 0.3800 0.0000 92.7 0.776 
68 n-TETRADECYLCYCLOPENTANE 161.9075 0.3800 0.0000 90.4 0.783 
69 n-PENTADECYLCYCLOPENTANE 160.1913 0.3800 0.0000 88.5 0.790 
70 n-HEXADECYLCYCLOPENTANE 158.7055 0.3800 0.0000 86.7 0.795 
71 CYCLOHEXANE 229.8033 0.3974 0.0000 153.2 0.639 
72 METHYLCYCLOHEXANE 216.6662 0.4152 0.0000 139.4 0.653 
73° ETHYLCYCLOHEXANE 207.6320 0.4212 0.0000 131.0 0.664 
74 cis-1,2-DIMETHYLCYCLOHEXANE 202.7341 0.4162 0.0000 128.6 0.664 
75 trans-1,2-DIMETHYLCYCLOHEXANE 196.3589 0.4051 0.0000 126.0 0.665 
76 cis-1,3-DIMETHYLCYCLOHEXANE 197.7475 0.4155 0.0000 125.5 0.665 
77 trans-1,3-DIMETHYLCYCLOHEXANE 203.1727 0.4261 0.0000 127.5 0.664 
78 cis-1,4-DIMETHYLCYCLOHEXANE 201.7707 0.4232 0.0000 127.1 0.664 
79 trans-1,4-DIMETHYLCYCLOHEXANE 193.6710 0.4035 0.0000 124.5 0.665 
80 n-PROPYLCYCLOHEXANE 204.2059 0.4438 0.0000 124.4 0.672 
81 n-BUTYLCYCLOHEXANE 201.8372 0.4645 0.0000 118.7 0.680 
82 n-PENTYLCYCLOHEXANE 182.5940 0.3800 0.0000 113.7 0.712 
83 n-HEXYLCYCLOHEXANE 178.5765 0.3800 0.0000 109.6 0.723 
84 n-HEPTYLCYCLOHEXANE 175.2076 0.3800 0.0000 106.0 0.733 
85 n-OCTYLCYCLOHEXANE 171.6877 0.3800 0.0000 102.5 0.742 
86 n-NONYLCYCLOHEXANE 168.9411 0.3800 0.0000 99.5 0.751 
87 n-DECYLCYCLOHEXANE 194.0552 0.4892 0.0000 96.6 0.759 
88 n-UNDECYLCYCLOHEXANE 173.5641 0.3800 0.0000 99.7 0.767 
89 n-DODECYLCYCLOHEXANE 160.9615 0.3800 0.0000 91.3 0.774 
90 n-TRIDECYLCYCLOHEXANE 158.7360 0.3800 0.0000 89.0 0.781 
91 n-TETRADECYLCYCLOHEXANE 156.6797 0.3800 0.0000 86.9 0.787 
92 n-HEXADECYLCYCLOHEXANE 152.5495 0.3800 0.0000 82.8 0.799 
93 ETHYLENE 292.0070 0.3746 0.0000 207.1 0.599 
94 PROPYLENE 232.1358 0.0169 0.3209 188.5 0.619 

Heat of Vaporization values given in Btu per pound. 

7, stands for normal boiling point. 

T,, is reduced normal boiling point. 
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TABLE 7C1.2 (Continued) 


COEFFICIENTS FOR PURE HYDROCARBON HEAT OF VAPORIZATION EQUATION 


COMPOUND NAME 


1-BUTENE 

cis-2-BUTENE 
trans-2-BUTENE 
ISOBUTENE 

1-PENTENE 

1-HEXENE 
2,3-DIMETHYL-2-BUTENE 
1-HEPTENE 

1-OCTENE 

1-NONENE 

1-DECENE 

1-UNDECENE 
1-DODECENE 
1-TRIDECENE 
1-TETRADECENE 
1-PENTADECENE 
1-HEXADECENE 
1-HEPTADECENE 
1-OCTADECENE 
1-NONADECENE 
1-EICOSENE 
CYCLOPENTENE 
CYCLOHEXENE 
PROPADIENE 
1,2-BUTADIENE 
1,3-BUTADIENE 
2-METHYL-1,3-BUTADIENE 
ETHYNE 

PROPYNE 

1-BUTYNE 

BENZENE 

TOLUENE 
ETHYLBENZENE 
o-XYLENE 

m-XYLENE 
p-XYLENE 
n-PROPYLBENZENE 
1,2,3-TRIMETH YLBENZENE 
1,2,4-TRIMETHYLBENZENE 
1,3,5-TRIMETH YLBENZENE 
n-BUTYLBENZENE 
m-CYMENE 

o-CYMENE 
p-CYMENE 
n-PENTYLBENZENE 
n-HEX YLBENZENE 
n-HEPTYLBENZENE 


Heat of Vaporization values given in Btu per pound. 
T, stands for normal boiling point. 
T,, 1s reduced normal boiling point. 
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247.6992 
262.2957 
255.5193 
250.9264 
231.5605 
221.1042 
239.2781 
210.8677 
206.9942 
204.2958 
296.0599 
205.1131 
201.3730 
193.4836 
190.5748 
186.8204 
185.7821 
174.9562 
174.9541 
184.2029 
186.9909 
216.5020 
19].1420 
316.0717 
239.7495 
259.1584 
248.3961 
435.6519 
352.2841 
310.9989 
280.2326 
234.2188 
221.5322 
224.3245 
221.3366 
217.8657 
215.1583 
210.5804 
206.9811 
215.0747 
202.0640 
197.1546 
199.3313 
205.9973 
186.9743 
194.2433 
198.5426 


701.2 
Heat of 
Vaporization 
at Tj, 
B Cc (predicted) Thy 
(Btu per !b) 
0.3745 0.0000 169.6 0.636 
0.3755 0.0000 179.5 0.635 
0.3734 0.0000 174.6 0.639 
0.3829 0.0000 170.2 0.637 
0.3737 0.0000 156.0 0.652 
0.3789 0.0000 145.6 0.667 
0.4237 0.0000 151.3 0.660 
0.3683 0.0000 138.2 0.682 
0.3834 0.0000 131.1 0.696 
0.3951 0.0000 125.6 0.707 
1.3340 —0,8609 119.3 0.719 
0.4326 0.0000 116.3 0.730 
0.4366 0.0000 111.7 0.740 
0.4217 0.0000 107.9 0.749 
0.4176 0.0000 105.4 0.757 
0.4253 0.0000 100.9 0.764 
0.4294 0.0000 98.3 0.772 
0.3929 0.0000 96.6 0.779 
0.3834 0.0000 94.6 0.798 
0.4355 0.0000 92.9 0.792 
0.4689 0.0000 88.2 0.798 
—0.0601 0.4474 174.3 0.626 
—0.2570 0.6532 162.9 0.635 
0.3819 0.0000 221.2 0.607 
0.0569 0.2459 192.6 0.639 
0.3728 0.0000 178.4 0.632 
0.4251 0.0000 161.8 0.634 
0.5898 —0.1820 276.6 0.612 
0.3999 0.0000 238.9 0.621 
0.4633 0.0000 195.0 0.634 
0.6775 ~0.2695 169.4 0.628 
0.3859 0.0000 156.4 0.648 
0.3922 9.0000 144.5 0.663 
0.3771 0.0000 148.9 0.662 
0.3726 0.0000 146.7 0.668 
0.3657 0.0000 145.6 0.667 
0.3967 0.0000 137.3 0.677 
0.3453 0.0000 142.6 0.676 
0.3417 0.0000 139.9 0.681 
0.3649 0.0000 140.7 0.687 
0.3808 0.0000 129.2 0.691 
0.3949 0.0000 125.3 0.682 
0.3988 0.0000 126.2 0.681 
0.4107 9.0000 127.4 0.689 
0.3460 0.0000 122.7 0.703 
0.3887 0.0000 119.1 0.715 
0.4100 0.0000 116.4 0.727 
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701.2 
TABLE 7C1.2 (Continued) 
COEFFICIENTS FOR PURE HYDROCARBON HEAT OF VAPORIZATION EQUATION 
Heat of 
Vaporization 
at T, 
COMPOUND NAME A B Cc (predicted) Toy 
(Btu per Ib) 
142 »n-OCTYLBENZENE 196.0697 0.4281 0.0000 110.4 0.738 
143. STYRENE 236.6309 0.4056 0.0000 153.1 0.657 
144 alpha-METHYLSTYRENE 212.0578 0.3714 0.0000 140.3 0.670 
145 cis-B-METHYLSTYRENE 304.9155 0.3800 0.0000 199.2 0.673 
146 trans-B-METHYLSTYRENE 313.0157 0.3800 0.0000 204.5 0.673 
147 cis-DECALIN 199.8238 0.4337 0.0000 123.9 0.667 
148  trans-DECALIN 163.4746 —0.1327 0.6115 120.2 0.670 
149 TETRALIN 209.3076 0.3800 0.0000 137.7 0.667 
150 INDAN 226.1078 0.4197 0.0000 144.0 0.658 
151 INDENE 244.6698 0.4391 0.0000 151.6 0.663 
152. BIPHENYL 216.5243 0.4146 0.0000 136.8 0.669 
153) NAPHTHALENE 159.7099 —0.3910 0.7281 145.5 0.656 
154. 1-METHYLNAPHTHALENE 215.4768 0.3806 9.0000 141.1 0.670 
155 2-METHYLNAPHTHALENE 220.8594 0.4045 0.0000 140.0 0.675 
156 ANTHRACENE 193.0150 0.3078 0.0000 132.1 0.707 
157 PHENANTHRENE 192.1107 0.3120 0.0000 131.1 0.705 
158 PYRENE 220.6525 0.4639 0.0000 123.5 0.713 
159 CHRYSENE 280.0508 0.9850 -0.5456 129.9 0.729 
160 TRIPHENYLENE? 177.8219 0.3885 0.0000 105.9 0.737 
161 BENZANTHRACENE‘* 
162 ACENAPHTHENE 200.4099 0.2976 0.0.0000 142.0 0.685 
163 FLUORENE 203.7910 0.3688 0.0.0000 137.5 0.655 
164 DIBENZANTHRACENE* 
165 NAPHTHACENE* 
166 ACENAPHTHYLENE 377.5027 2.2047 —2,.4427 204.5 0.686 
167 METHANOL 703.6990 0.3683 0.0000 473.5 0.659 
168 ETHANOL 531.4554 0.3358 0.0000 361.0 0.683 
169 n-PROPANOL 453.1339 0.3571 0.0000 298.2 0.690 
170 ISOPROPANOL 451.5979 0.3919 0.0000 282.0 0.699 
171 »n-BUTANOL 392.4680 0.1796 0.2870 250.5 0.694 
172 sec-BUTANOL 421.2259 0.4773 0.0000 238.8 0.695 
173 tert-BUTANOL 448.8389 0.5644 0.0000 226.4 0.702 
174 PHENOL 334.1205 0.4246 0.0000 212.5 0.655 
175 METHYL ETHYL KETONE 275.8726 0.3550 0.0000 188.3 0.658 
176 METHYL ETHYL ETHER 253.5272 0.3830 —0.0065 172.0 0.640 
177 DIMETHYL ETHER 234.8804 0.3944 —0.0125 155.0 0.658 
178 METHYL TERTIARY BUTYL ETHER 243.3696 0.7516 ~0.3332 137.0 0.660 
179 TERTIARY AMYL METHYL ETHER 194.7963 0.3593 0.0416 128.9 0.673 
180 DIISOPROPYL ETHER 204.4259 0.5118 —0.0998 122.8 0.682 


Heat of Vaporization values given in Btu per pound. 


T, stands for normal boiling point. 
T,, is reduced normal boiling point. 
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3 For Triphenylene T. = 1174.73 degrees Fahrenheit, 7, = 744.53 


degrees Fahrenheit. 


4 No experimental data or reliable prediction methods are available. 
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COMMENTS ON FIGURES 7C1. 3 THROUGH 7C1.14 


Purpose 


Heats of vaporization are to be read directly from these figures at any desired temperature. 


Reliability 


These curves are estimated to be reliable to within 3 percent. 


Data Sources 


Methane (31, 47) 

Ethane (10, 62) 

Propane (21, 24, 60) 

n-Butane (21, 24, 63) 
2-methylpropane (isobutane) (21, 37, 61) 
n-Pentane (17, 40, 60, 85) 
2-Methylbutane (isopentane) (66, 85) 
2,2-Dimethylpropane (6) 
n-Hexane (46, 78, 80, 85) 
2-Methylpentane (46, 79) 
3-Methylpentane (23, 79) 
2,2-Dimethylbutane (78) 
2,3-Dimethylbutane (46, 73, 85) 
n-Heptane (24, 80) 

n-Octane (11, 50, 85) 
Cyclohexane (41, 49, 85) 
Ethene (ethylene) (20, 84) 
Propene (propylene) (18, 20, 30) 
1-Butene (3, 39, 82) 
cis-2-Butene (67) 
2-Methylpropene (30) 

Benzene (1, 25, 51, 85) 
Methylbenzene (65) 
Ethylbenzene (29) 

Dodecane (72) 

Tetradecane (72) 

Hexadecane (72) 

Eicosane (72,77) 

Phenanthrene (2) 

Naphthalene (2) 

Biphenyl (19) 

Styrene (73) 
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HEAT OF VAPORIZATION FOR PURE HYDROCARBONS 
COMMENTS ON FIGURE 7C1.15 


Purpose 


This figure is to be used to predict heats of vaporization for pure hydrocarbons that are not covered 
in the direct plots, Figures 7C1.3 through 7C1.14. For mixtures, use the method in Section 7C2.1. 
This figure is used to provide the [AM/RT. } term for the correlating equation: 


T 
ee a Z| (7C1.15-1) 
M \RT 


Where: 
A. = heat of vaporization, in Btu per lb. 
J. = critical temperature, in degrees Rankine. 


M = molecular weight, in Ib per Ib-mole. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 


AM 
( — } = dimensionless heat of vaporization, plotted in Figure 7C1.15 as a function of reduced 
RT temperature and acentric factor. 


Limitations 


In general, this procedure is not accurate for polar substances. The method also loses accuracy in 
the immediate critical region. 


Reliability 


Errors between calculated and experimental heats of vaporization are generally less than 2 percent 
for a wide variety of hydrocarbons. Above a reduced temperature of 0.97, errors may increase to 
10 percent or more. 


Notation 


T, = reduced temperature, 7/T,. 


T = temperature, in degrees Rankine. 
Tf. = critical temperature, in degrees Rankine. 


@ = acentric factor. 


Special Comments 


Figure 7C1.15 does not extend below a reduced temperature of 0.4. In this region, use the following 
equation: 


— ————— 7C1.15-2 
Wher e. 


Ay = heat of vaporization at J, in Btu per lb. 

7, = normal boiling point, in degrees Rankine. 

Results from this method and Equation 7C1.15-2 are both quite reliable, but agreement between 
them is not perfect. Therefore, when using heats of vaporization over a wide temperature range, 


which includes values above and below a reduced temperature of 0.40, plot the values and use the 
best smooth representation. 


Literature Sources 


Figure 7C1.15 was derived using the enthalpy departure equations of Lee and Kesler, AIChE Jour- 
nal 21 510 (1975). Equation (7C1.15-2) was presented by Watson, Ind. Eng. Chem. 23 360 (1931). 


Example 
Calculate the heat of vaporization of 3,3-dimethylpentane at its normal boiling point, 186.91 F. 
186.91 + 459.7 


From Chapter 1, J, = 505.85 F, so 7, = 305.854.4597 


Figure 7C1.15: 


= 0.67; @ = 0.2672, and M = 114.2. Using 


AM 
( RT } = 6.6 
Therefore, . 
1.986 (505.85 + 459.7) 
ie 100.2 6-8) 


= 126.3 Btu per pound. 
The value listed in Chapter | is 127.59 Btu per pound. 
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PROCEDURE 7C1.16 


ALTERNATE (COMPUTER) METHOD FOR THE 
HEAT OF VAPORIZATION OF PURE HYDROCARBONS 


Discussion 


For a pure compound, the heat of vaporization is the difference between the saturated vapor and 
saturated liquid enthalpies, both phases being in equilibrium at a given temperature. This difference 
can be represented by the following: 


[ RT. (f° i r RT. (7° _ 
a= |H (4 mr) , Ho —_* & =] (7C1.16-1) 
M \ RT. [ M \ RT. wat 

= sat vapor S sat liquid 

at T, py at T, py 


Where: 
A = heat of vaporization for pure hydrocarbon, in Btu per lb. 


ideal gas enthalpy of pure hydrocarbon at 7, in Btu per Ib. 


= 
Ul 


or 
>| = 
yy] 1 
mn) 
ene 
I 


dimensionless effect of pressure on enthalpy. 


temperature, in degrees Rankine. 

critical temperature, in degrees Rankine. 

~Py = vapor pressure of pure compound at 7, in psia. 
R = gas constant, 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 


Equation 7C1.16-1 can be simplified to: 


RT. (RB 2 7 
gc eB -H -(f —*) (7C1.16-2) 


T vee! 
¢ * sat liquid sat vapor ~ 
at T, p, at T, p, 


Procedure 


Step 1: Obtain values of T., p., © and molecular weight of the pure hydrocarbon from Chapter 1. 

Step 2: Use the methods of Chapter 5 to calculate the vapor pressure exerted by the pure hydro- 
carbon at the desired temperature. 

Step 3: Calculate the reduced temperature and, using the vapor pressure found in Step 2, calculate 
the reduced pressure. 

Step 4: Follow steps 3 and 7 of Procedure 7B3.7 to obtain the enthalpy pressure effect terms for 
the saturated liquid and saturated vapor phases. 

Step 5: Use equation (7C1.16-2) to calculate the desired heat of vaporization. 
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COMMENTS ON PROCEDURE 7C1.16 


Purpose 


This procedure is to be used to predict the heat of vaporization for pure hydrocarbons that are not 
covered in the direct plots, Figures 7C1.3 through 7C1.12. For mixtures, use the method in Section 
7C2. This procedure can be used for both desk and digital computer calculations. 


Limitations 
This procedure has not been tested with data for nonhydrocarbons. 
Reliability 


Heats of vaporization calculated by this method are estimated to be reliable to within 2 percent. 
Errors as high as 10 percent may occur in the immediate critical region. 


Literature Source 
The method is derived from Lee and Kesler, AIChE Journal 21 510 (1975). 
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PROCEDURE 7C2.1 
HEAT OF VAPORIZATION OF MIXED HYDROCARBONS 


Discussion 


In the vaporization of mixtures, three different latent heat effects can be of interest, namely isobaric 
integral, isothermal integral, and differential heats of vaporization. The two integral heat changes 
apply to the complete vaporization of the liquid to a vapor of identical composition with either tem- 
perature or pressure constant. For calculational purposes, only one phase exists for integral heats of 
vaporization, which is initially liquid and finally vapor. The differential heat of vaporization is the en- 
thalpy change occurring when a portion of the charge has been vaporized at constant temperature and 
pressure, forming a vapor phase of one composition and a liquid of another (overall composition of 
both phases is the same as the charge). The term differential implies the existence of two equilibrium 
phases at all times. 

The following procedure is to be used to calculate these heats of vaporization. Vapor-liquid 
equilibrium data are required regardless of the latent heat change. 


Procedure 


Step 1: The feed composition (> Xfys ves Xp, mole fraction) must be known for all three heats 


of vaporization. For integral heats of vaporization, go to Step 2, and for differential, go to Step 5. 

Step 2: For integral isobaric conditions, the pressure, p, must be known, and for integral iso- 
thermal, the temperature, 7. In cither case, all the mole fractions of each component i are equal in 
both phases, x; = y; = xg. 


Step 3: For isobaric conditions, the dew- and bubble-point temperatures, Tpp and Tgp, must be 
known, and for isothermal conditions the pressures, ppp and ppp. If these are not known experi- 


mentally, they should be obtained by a trial-and-error procedure from Chapter 8. The dew-point 

temperature or pressure is that value for which the predicted equilibrium K-values are such that 
nA An 

> = = 1, and the bubble-point conditions are reached when }) K,x, = 1. 

gat i=l 

Step 4: Knowing the bubble-point and dew-point temperatures and pressures and the system com- 
position, obtain the liquid and vapor enthalpies from Procedure 7B4.1. (Notice that Procedure 7B4.1 
is written for weight fractions and gives enthalpy per pound of mixture.) The integral heat of vapor- 
ization is simply the difference between these values. If the feed stream is not at the bubble- or 
dew-point conditions, an additional temperature or pressure effect on enthalpy must be calculated 
using Procedure 7B4.1. 

Step 5: To calculate differential heats of vaporization, the temperature and pressure must be 
known, as well as the feed composition. If the compositions of the equilibrium liquid and vapor 
phases (both different from the feed) are not known from another source, calculate them using the 
methods of Chapter 8. Aftcr obtaining equilibrium K-values at T and p, Solve the following equations 
simultaneously for all the liquid mole fractions, x;,the vapor mole fractions, y;,the moles liquid per 
mole of feed, L, and the moles vapor per mole of feed, V: 


x =i 
Ly, = 1 
¥; = Kjx; 
Xp = x;L+yV 


Step 6: Knowing the temperature and pressure and all the phase compositions, obtain the liquid, 
vapor, and feed enthalpies from Procedure 7B4.1. (Notice that Procedure 7B4.1 is written for weight 
fractions and gives enthalpy per pound of mixture.) The differential heat of vaporization is then: 


5 ne MEE MH yy sachs 
diff ~ Mv M; if (7C2.1-1) 


Where: 
aiff = differential heat of vaporization, in Btu per Ib vaporized, 
M = average molecular weight of mixture, in Ib per lb-mole. 
H = mixture enthalpy from Procedure 7B4.1, in Btu per lb. 
Subscripts f Vand L = the feed stream, equilibrium vapor stream, and equilibrium liquid stream, 
respectively. 


MyV 
The heat necessary per pound of feed (rather than per pound vaporized) is a" Xr diff The quantity 
‘ 
Vaiss is the differential heat of vaporization only if the feed is saturated (1.e., at its dew- or bubble- 
point pressure according to whether it is a vapor or liquid). If the feed is not saturated, A gis is the 
sum of the differential heat of vaporization and the sensible heat to reach saturation. 
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COMMENTS ON PROCEDURE 7C2.1 


Purpose 


This procedure is to be used to estimate the heats of vaporization of hydrocarbon mixtures of 
defined composition under the various possible restraints in pressure, temperature, and composition. 
Use Procedure 7B4.2 for the heats of vaporization of petroleum fractions (undefined composition). 


Limitations 


This procedure depends upon a prior knowledge of the phase equilibria relationships, and it is dif- 
ficult to predict these relationships reliably. The accuracy and usefulness of this method will decrease 
with increasing uncertainty in the equilibrium relationships. 


Reliability 


The overall reliability of this procedure must be estimated for the system at hand from the errors 
arising in the individual steps. 


Special Comment 


The results determined from this method are not necessarily thermodynamically consistent with 
the fugacities corresponding to the equilibrium K-values from Chapter 8. 


Examples 


A. Estimate the isobaric integral heat of vaporization of a 40 mole percent propene-60 mole percent 
2-methylpropane mixture at 200 psia where the dew- and bubble-point temperatures are 150.8 F and 
136.0 F, respectively. 

Inasmuch as the process is a total (integral) vaporization, x, = y, = Xf, and xy = yo = Xfy- The 


following tabulation of critical properties, molecular weights and the acentric factors was obtained 
from Chapter 1. The ideal gas enthalpies were obtained from Procedure 7A 1.1: 


Ideal Gas 
Enthalpy H° 
Temperature Crit. Mole- Wt. Btu per Ib 
Mole ———*—~__ Pres- Acentric cular Frac- ==———*~—__- 
Frac- Deg Deg sure, Factor, Wt, tion 136.0 150.8 


tion F R psia @ M Kis F F 
Propene 0.400 196.9 656.6 669.0 0.1424 42.08 0.326 160.99 166.92 
2-Methylpropane 0.600 275.0 734.7 529.1 0.1770 58.12 0.674 157.74 164.27 
Molar average — — 703.5 585.1 0.1632 51.70 — — — 
Weight average — — — 1.00 158.80 165.13 
200.0 


For both phases, the reduced pressure is = 0.342. The vapor and liquid enthalpies are 


585.1 
calculated according to Procedure 7B4. 1: 


sO a O 7 0 
Temp. Reduced H -# H -H H -H 
Deg F Temp. & } & = } H!-H H® H 
c c c 
Liquid 136.0 0.847 4.320 4.906 5.102 137,93 158.80 20.87 
Vapor 150.8 0.868 0.508 0.392 0.659 17.86 165.13 147.27 


The integral heat of vaporization is 14.27 — 20.87 = 126.4 


B. Estimate the differential heat of vaporization of a 50 mole percent propene-50 mole percent 
2-methylpropane mixture initially at its bubble point of 128.2 F and 200 psia. The product vapor and 
liquid phases are withdrawn at 137.0 F and 200 psia, with the equilibrium vapor containing 60.0 mole 
percent propene and the liquid containing 38.8 mole percent propene. 

Steps 5 and 6 of the procedure should be used. A material balance determines values for L and V. 


For propene, 0.50 = 0.388 L + 0.600 V 
For 2-methylpropane, 0.50 = 0.612 L + 0.400 V 
Solving simultaneously, L = 0.472 and V = 0.528 
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The critical properties and molecular weights tabulated hereinafter were obtained from Chapter 1 
and the acentric factors from Chapter 2. Ideal gas enthalpies were obtained from Procedure 7A1.1: 


Propene 
2-Methylpropane 
Molar average 
Weight average 


Propene 
2-Methylpropane 
Molar average 
Weight average 


Propene 
2-Methylpropane 
Molar average 
Weight average 


Crit. Wt. Ideal Gas 
Mole Critical = Pres- Acentric Molec. Frac- Enthalpy 
Frac- Temp., sure, Factor, Wt., tion, H® Btu 
tion Deg R psia a M Xy per lb 
Feed 
0.500 656.6 669.0 0.1424 42.08 0.420 157.91 
0.500 734.7 529.1 0.1770 58.12 0.580 154.36 
— 695.7 599.0 0.1597 50.10 — — 
— — — — — 1.000 155.85 
Liquid 
0.388 656.6 669.0 0.1424 42.08 0.315 161.39 
0.612 734.7 $29.1 0.1770 58.12 0.685 158.18 
= 704.4 583.4 0.1636 51.90 — — 
— —_— _— —_— — 1.000 159.19 
Vapor 
0.6 656.6 669.0 0.1424 42.08 0.521 161.29 
0.4 734.7 529.1 0.1770 38.12 0.479 158.18 
—_— 687.8 613.0 0.1562 48.50 — — 
—_— _— —_ — — 1.000 159.85 


The enthalpies of the three streams are calculated using Procedure 7B4.1: 


Reduced Reduced 
Temp. 


0.334 
0.343 
0.326 


Using equation 7C2.1-1, 


Deg F 
Feed 0.845 
Liquid 0.847 
Vapor 0.868 


x 


50.10 


70 
H -H 


RT. 
5.095 
5.102 
0.615 


) @a Poa 


140.5 155.85 15.35 
137.5 159.19 21.69 
17.33 159.85 142.52 


[_(51.90) (21.69) (0.472) + (48.50) (142.52) (0.528) 


diff ~ (48.50) (0.528) _ 


= 133.24 Btu per pound vaporized 


50.10 


15.35 


The heat required per pound of feed is the bracketed term alone, or 69.30 Btu per pound feed. 
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COMMENTS ON FIGURE 7D1.1 THROUGH FIGURE 7D1.6 


Purpose 


These figures are direct plots of experimental values of liquid heat capacities of some hydrocarbons 
between (approximately) the freezing and normal boiling point. For higher temperatures, use either 
Procedure 7D1.8 or 7D1.10. 

Limitations 


The plotted data apply to the saturated liquid phase (thus, the pressure is varying). However at these 
low pressures, the saturated liquid heat capacity is the same as the isobaric heat capacity within the 
limits required for engineering design. 

Reliability 


These data are reliable to within 3 percent. 


Special Comments 


Avoid using heat capacities in calculations for which enthalpies can be used instead, except when 
enthalpy differences are very small. 


Data Sources 


The curves were plotted using accepted values from Daubert and Danner, “Data Compilation: 
Tables of Properties of Pure Compounds,” Hemisphere Publishing Company, New York (extant 
1988). 
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COMMENTS ON FIGURE 701.7 


Purpose 


This figure is to be used to estimate the liquid heat capacities of pure hydrocarbons at temperatures 
equal to or less than the normal boiling point. The figure is not applicable to hydrocarbons having 
fewer than 5 carbon atoms, in which cases Figures 7D1.1 and 7D1.2 should be used. At higher 
temperatures, use Procedure 7D 1.8. Mixtures are treated in Section 7D2. 


Limitations 


The nomograph gives isobaric heat capacities. However, inasmuch as it applies only to tem- 
peratures below the normal boiling point, the predicted values are identical to saturated liquid heat 
capacities within the limits required for engineering design. 


Reliability 


Differences between experimental data and this nomograph average 2.5 percent, and errors as high 
as 20 percent may occur. 


Notation 
T = temperature, in degrees Fahrenheit. 
T, = normal boiling point, in degrees Fahrenheit. 


F = scale label to be used in the quoted formula which extends the right-hand scale by folding it 
across the top of the nomograph. 


Special Comments 


For all reduced temperatures above 0.45, Procedure 7D1.8 may be used as an alternate to 
Figure 7D1.7. 


Literature Source 


The nomograph was developed by Hadden, Gulf Research and Development Company, Pittsburgh, 
Pa., private communication (1964); it was released for publication by Mobil Oil Company, Inc., 
New York. 


Example 


Estimate the saturated liquid heat capacity of 4-methylheptane at 95 F. 
Although this figure was developed for isobaric heat capacities, it may also be used for the satu- 
rated liquid (see Limitations). From Chapter 1, the boiling point 7, = 243.9 E The temperature ratio 
95 + 459.7 


~ 243.9 + 459.7 
By connecting 8 on the number of carbon atoms scale and 0.788 on the isoparaffin scale and 

extending the straight line, a value of 0.533 Btu per (Ib) (deg R) is found on the heat capacity scale. 
An experimental value is 0.536 Btu per (1b) (deg R). 


= 0.788. 
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PROCEDURE 7D1.8 


ISOBARIC LIQUID HEAT CAPACITIES OF PURE HYDROCARBONS 
ABOVE THE NORMAL BOILING POINT 


Discussion 


Figure 7D 1.7 is not suitable for calculating the heat capacities of liquids above the normal boiling 
point. Under these conditions, the equation to be used is 7D3.1-1. The simple fluid term and the 
correction for molecular acentricity are to be found from Tables 7D3.2 and 7D3.3 or Figures 7D3.4 
and 7D3.5. 


Procedure 


Follow Steps 1 through 6 of Procedure 7D3.1. When using Tables 7D3.2 and 7D3.3, use that 
portion which is applicable to the liquid phase (above and to the right of the broken line). Do not 
interpolate between the phase boundary. 

When the heat capacity of the saturated liquid is desired, obtain the vapor pressure from Chapter 5 
and proceed as if the point were in the homogeneous region, 


COMMENTS ON PROCEDURE 7D1.8 


Purpose 


This procedure, which uses Tables 7D3.2 and 7D3.3 and Figures 7D3.4 and 7D3.5, is to be used to 
calculate the isobaric heat capacity of pure liquid hydrocarbons at high temperatures where Figure 
7D1.7 is not applicable. For lower temperatures, use Figures 7D1.1 and 7D1.2 for low molecular- 
weight hydrocarbons and 7D1.7 for the heavier compounds. 


Limitations 


The procedure applies to the isobaric heat capacity of the liquid. At the temperatures of applica- 
bility, the isobaric and saturated heat capacities may differ appreciably. (See Special Comments.) 
In general, the method is not applicable for polar compounds. 


Reliability 


The average error by this method is 3 percent. Errors seldom exceed 5 percent, though errors up to 
15 percent may occur. Reliability decreases rapidly as the critical temperature is approached. The 
error also increases with increasing uncertainty in the input critical temperature, critical pressure, and 
acentric factor. Errors for saturated liquids are often higher because of extrapolations onto the phase 
boundary. 
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Special Comments 


The procedure requires both the temperature and the pressure as input quantities. However, if only 
the temperature is available, and the saturated liquid heat capacity is desired, obtain the vapor 
pressure from Chapter 5 and proceed as if both temperature and pressure were available. 

This procedure may be used instead of Figure 7D1.7 for liquid heat capacities for reduced temper- 
atures greater than 0.45. 

Also see Special Comments on Procedure 7D3.1. 


Literature Source 


Tables 7D3.2 and 7D3.3, and Figures 7D3.4 and 7D3.5 used in this procedure were generated using 
the correlation developed by Lee and Kesler, AIChE Journal 21 510 (1975). 


Example 
Estimate the saturated liquid heat capacity of n-heptane at 440.3 F . 
From Chapter 1, M = 100.2, 7. = 512.8 F, p, = 396.8 psia, and @ = 0.3494. From Chapter 5, the 
vapor pressure = 218 psia. 
440.3 + 459.7 


218 
512844507 ~ 0.925 and the reduced pressure = ——— = 0.55. 


The reduced t ture i 
e reduced temperature is 306.8 


~O x , (9) 
To determine (2%) from Table 7D3.2, it will be necessary to extrapolate, since this point 


is on the two-phase boundary represented by the broken line. 


~o > . (0) 
Ge=e 0.55 — 0.80 
T. = 0.90, | —# e| =-5, 5. —(-5. Sidecar 
AUT, 0.90, { z 5.679 + [ (5.679) 5.0951 ( S25—u30 | 6.409 


0.55 ~— 1.00 
0.80 — 1.00 


~9 ~ (0) 
eC) 9.316 + [ (9.316) — (7.127) ] ( 
- =-9. ; 


At T, = 0.95, ( =-14,241 


(0) 


ings 
Cy—-C = 
Combining these, eae) =-6.409 + [ (-14.241) — (6.409) ] [ ed S020 


0.95 — 0.90 meee 


=p = «AT 
ne Cp— Cp 
Similarly, from Table 7D3.3, = ee =-8.046 


The dimensionless pressure effect term is next calculated using equation (7D3.1-1). 
(0) 
} = (—10.325) + (0.3494) (-8.046) =—13.136 


“OQ: © 
& -Cp 
R 
The ideal gas heat capacity is obtained from Procedure 7A 1.1 as 0.597 Btu per (Ib) (deg R). 
By combining this with the dimensionless pressure effect term using equation (7D3.1-2), the 
desired heat capacity of the saturated liquid is obtained, 
(1.986) (—13.136) 
100.2 


An experimental value is 0.800 Btu per (1b) (deg R). The agreement between the experimental and 
calculated values is not very good, probably due to the inaccuracies in the linear extrapolation. 


G = 0.597 - = 0.859 Btu per (Ib) (deg R). 
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7D1.9 
PROCEDURE 7D1.9 
ALTERNATE (COMPUTER) METHOD FOR LIQUID HEAT CAPACITIES OF PURE 
HYDROCARBONS BELOW THE NORMAL BOILING POINT 
Discussion 
The following equations are to be used for calculating the isobaric heat capacities of pure hydro- 
carbon liquids by means of a digital computer. These equations are to be applied only below the 
normal boiling point. For higher temperatures, use Procedure 7D 1.10. 
For normal alkanes with five or more carbon atoms, and for the homologous series of isoalkanes, 
1-alkenes and the n-alkyleyclohexanes, use: 
G, =a+bT,, +cT?, + dT3, +n[Aat+AbTy,+AcT, + AdT®, ] (7D1.9-1) 
Where: 
G, = isobaric heat capacity, in Btu per (Ib) (deg R). 
Try = T/T. 
T = temperature at which the heat capacity is desired, in degrees Rankine. 
7, = normal boiling point, in degrees Rankine. 
a, b, c, d, Aa, Ab, Ac and Ad are constants, different for each homologous series, as tabulated 
below. 
n = number of carbon atoms in the hydrocarbon for which G is to be calculated. 
Constants for use with equation (7D1.9-1): 
n-Alkyl 
Constants n-Alkanes Isoalkanes 1-Alkenes cyclohexanes 
a 0.84167 —0.03083 0.14510 0.26796 
b —1.47040 1.77589 1.26233 0.04311 
c 1.67165 2.50661 ~2.03775 0.06164 
d -0.59198 1.20202 1.06953 0.0 
Aa —0.003826 0.079670 0.067 176 0.004331 
Ab —0.000747 —0.335664 0.304272 —0.003439 
Ac 0.041126 0.499756 0.478026 0.039338 
Ad —0.013950 0.221740 —0.221610 0.0 
For the homologous series n-alkylbenzenes and for the light alkanes methane through butane use: 
Ny —H ( a ny 
2 3 face) 28 3 oa 
G, = (a, +b,T, +¢,T, +47) (a, +b Ty, +057), + dT, ) (7D1.9-2) 
Where: 
C, = isobaric heat capacity, in Btu per (Ib) (deg R) for all aromatics; in Btu per (Ib-mole) (deg R) 
for the light alkanes. 
Ty, = T/Tb, same as in equation (7D1.9-1). 
Q), Dy, €), dy, Gg, Cy, dy, Ny, and ny are constants as tabulated below. 
n = number of carbon atoms in the hydrocarbon for which G is to be calculated. 
Constants for use with equation (7D1.9-2): 
Light n-Alkyl- 
Constant Alkanes benzenes 
a 14.7486 0.55158 
b -9.8198 -1.12912 
cy 12.9505 2.00806 
d 4.8349 -0.91821 
ay 13.1830 0.53865 
by 54.3924 —1.11510 
€ -72.8410 2.12851 
ay 37.1562 —1.01959 
Ay 1 9 
ny 4 10 
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7D1.9 
For the n-alkylcyclopentanes use: 
In n/8 In S/n 
2 3 i 5/8 } 2 a In 5/ 
G, = (a+ T+ eT + aT y) + (ay + ba T iy + CoT yy + ag T yy (7D1.9-3) 
Where: 
CG, = isobaric heat capacity, in Btu per (Ib) (deg R). 
I, = T/T,, same as in equation (7D1.9-1). 
n = number of carbon atoms in the hydrocarbon for which G is to be calculated. 
Qy, By, Cy, dy, Ao, b, Cz, dy are constants as tabulated below. 
Constants for use with equation (7D1.9-3): 
n-Alkyl 
Constant cyclopentanes 
ay 0.32010 
by —0.01800 
Cy 0.03292 
dy 0.12834 
a 0.44974 
by 0.53041 
€2 0.96861 
dy 0.31487 
For the individual hydrocarbons ethene, propene, 1-butene and isobutane use: 
G, =a+bTy, + cP, + dT, (7D1.9-4) 
Where: 
CG, = isobaric heat capacity, in Btu per (Ib) (deg R). 
T» = T/T,, same as in equation (7D1.9-1) 
a, b, c, and d are constants, tabulated below. 
Constants for use with equation (7D1.9-4): 
Hydrocarbon Ethene Propene 1-Butene Isobutane 
a 0.71418 0.64766 0.63192 0.32575 
b 0.29525 0.43638 0.46311 0.22823 
c 0.15407 0.31228 0.33869 0.14714 
d —_— — —_ 0.12786 
For all isomeric paraffins, use equation (7D1.9-1) with the isoalkane constants (except isobutane, 
where equation (7D1.9-4) is to be used). 
For all olefins (except ethene, propene, and 1-butene), use equation (7D1.9-1) with the l-alkene 
constants. 
For all naphthenes (except cyclopentane), and all alkylcyclohexanes, use equation (7D1.9-1) with 
the n-alkylcyclohexane constants. 
For all aromatics, use equation (7D1.9-2) with the n-alkylbenzene constants. 
For cyclopentane and all alkylcyclopentanes, use equation (7D 1.9-3) with the n-alkylcyclopentane 
constants. 
Procedure 
Step J: Obtain the normal boiling point for the desired hydrocarbon from Chapter 1. Also evaluate 
the number of carbon atoms where applicable. 
Step 2: Decide upon the suitable equation and the suitable set of constants, consistent with the 
classifications given in the procedure. 
Step 3: Calculate the reduced normal boiling point and evaluate the isobaric heat capacity with the 
appropriate equation from among equations (7D1.9-1) through (7D1.9-4). 
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COMMENTS ON PROCEDURE 7D1.9 


Purpose 


This procedure is to be used for computer calculations of isobaric heat capacities of pure hydro- 
carbon liquids at temperatures less than the normal boiling point. For computer calculations at high 
temperatures, use Procedure 7D 1.6. 

Limitations 


The procedure gives isobaric heat capacities. However, inasmuch as it applies only to temperatures 
below the normal boiling point, the predicted values are identical to saturated liquid heat capacities 
within the limits required for engineering design. 

Reliability 

Differences between experimental and predicted values of heat capacities average 2 percent. 
Maximum errors of 20 percent can occur. 

Special Comments 


Procedure 7D1.6 may be used as an alternate to Procedure 7D1.9 for reduced temperatures 0.45 
and above. However, Procedure 7D 1.6 requires both the temperature and pressure as input quantities. 
The vapor pressure may be calculated by the methods of Chapter 5. 


Literature Source 


Equations (7D1.9-1) through (7D1.9-4), along with the tables of constants, were developed by 
Hadden, J. Chem. Eng. Data 15 92 (1970). 
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PROCEDURE 7D1.10 


ALTERNATE (COMPUTER) METHOD FOR LIQUID HEAT CAPACITIES OF 
PURE HYDROCARBONS ABOVE THE NORMAL BOILING POINT 


Discussion 


For computer calculations of the isobaric heat capacities of pure liquid hydrocarbons at or above 
the normal boiling point, equations (7D3.10-1) through (7D3.10-5) should be used. For temperatures 
below the normal boiling point, better accuracy can be obtained with Procedure 7D1.9. 


Procedure 


Follow Steps 1 through 8 of Procedure 7D3.6. In Step 3, obtain the root for the liquid volume from 
Procedure 6B 1.8. 


COMMENTS ON PROCEDURE 7D1.10 


Purpose 


This procedure is to be used for computer calculations of the isobaric heat capacity of pure hydro- 
carbon liquids at temperatures at or above the normal boiling point. For temperatures below the 
normal boiling point, Procedure 7D1.9 is recommended. 


Limitations 


The procedure applies to the isobaric heat capacity of the liquid. At the temperatures of applicabil- 
ity, the isobaric and saturated heat capacities may differ appreciably. (See Special Comments.) 


Reliability 


Above a reduced temperature of 0.45 the average error by this method is less than 3 percent. Errors 
seldom exceed 5 percent though errors up to 15 percent may occur. Reliability decreases rapidly as 
the critical temperature is approached. The error also increases with increasing inaccuracies in the 
input critical properties and acentric factor. 

This procedure may be used below a reduced temperature of 0.45. Errors in these cases, however, 
are considerably larger and Procedure 7D1.9 is recommended. 


Special Comments 


The procedure requires both the temperature and the pressure as input quantities. However, if only 
the temperature is available, and the saturated liquid heat capacity is desired, obtain the vapor 
pressure from Chapter 5 and proceed as if both temperature and pressure were available. 

This procedure may be used instead of Procedure 7D 1.9 for temperatures below the normal boiling 
point. However, large errors may occur at reduced temperatures less than 0.45. 


Literature Source 


The equations to be used in this procedure were developed by Lee and Kesler, AIChE Journal 21 
510 (1975). 
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PROCEDURE 7D2.1 
LIQUID HEAT CAPACITY OF DEFINED HYDROCARBON MIXTURES 


Discussion 


The following equation is to be used to estimate the heat capacity of liquid hydrocarbon mixtures 
when the composition is known: 


C= 3 4.0 (7D2.1-1) 


Where: 
C = isobaric or saturated (consistent throughout the equation) liquid heat capacity at the oper- 
ating conditions, in Btu per (Ib) (deg R). Subscript i indicates a pure component in the 
n component mixture. 
Xyi = weight fraction of component i. 


Procedure 


Step J; Obtain liquid heat capacities of all the components at the desired conditions from Figure 
7D1.3 or Procedure 7D 1.4, depending on the temperature. 
Step 2: Combine the heat capacities with equation (7D2.1-1). 
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COMMENTS ON PROCEDURE 7D2.1 


Purpose 


This procedure is to be used to estimate the heat capacities of liquid hydrocarbon mixtures when 
the composition is known. For petroleum fractions (undefined composition), use Figure 7D2.2. The 
input heat capacities for the pure substances may be obtained from Figure 7D1.3 or Procedure 7D 1.4. 


Limitations 


In this procedure, the heat of mixing is assumed to be zero, which is valid only for mixtures of 
neighboring members of a homologous series. Although acceptable within the limits required for 
engineering design for most hydrocarbon mixtures, it should be used cautiously for blends having 
appreciable amounts of two or more different hydrocarbon families. 

Equation (7D2.1-1) is strictly applicable only to isobaric heat capacities where all the component 
quantities are for identical pressure and temperature conditions. The equation may also be used for 
saturated heat capacities, provided the (vapor) pressures of the components do not differ appreciably 
(i.e., at low temperatures or, if the temperature is high, for substances which are approximately 
equivalent in volatility). 

The procedure is not to be used at reduced temperatures greater than 0.95, where no existing 
method is reliable for the liquid phase. 


Reliability 

The reliability of this procedure depends entirely on the system and composition under consider- 
ation. The predicted heat capacities are usually too large by an approximate average of 5 percent. The 
deviations are largest at the midpoints of composition where, for example, the procedure is in error 
by 17 percent for the system benzene-diphenylmethane. The procedure works well (approximately 
3-percent error) for the benzene-cyclohexane and cyclopentane-2,2-dimethylbutane systems. 


Special Comment 


Avoid using heat capacities in calculations for which enthalpies can be used instead, except when 
the enthalpy differences are very small. 


Example 


Estimate the heat capacity of a mixture of 55.2 mole percent benzene and 44.8 mole percent 
cyclohexane at 72.1 F and atmospheric pressure. 
From Figure 7D1.3, for benzene, Gi = 0.396 Btu per (Ib) (deg R), and, for cyclohexane 
G2 = 0.432 Btu per (Ib) (deg R). 
From Chapter 1, the molecular weights are, for benzene, M, = 78.11, and, for cyclohexane 
M, = 84.16. The weight fraction of benzene is: 
(78.11) (0.552) 


*w. = C7811) (0.552) + (84.16) (0.448) ~ °° 


thus, 


Fig 0.466 
The mixture heat capacity is calculated using equation (7D2.1-1): 
G, = (0.534) (0.396) + (0.466) (0.432) = 0.412 Btu per (Ib) (deg R) 


An experimental value is 0.422 Btu per (Ib) (deg R). 
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7D2.2 
PROCEDURE 7D2.2 
ISOBARIC HEAT CAPACITY OF PETROLEUM FRACTION LIQUIDS 
Discussion 
The isobaric heat capacity of a liquid petroleum fraction may be estimated using this procedure. 
This method is suitable for both desk and digital computer calculations. The equations are: 
for 7, < 0.85, 
Gy =A) + AgT + Ag?” (7D2.2-1) 
Where: 
C, = isobaric heat capacity for liquid petroleum fraction in Btu per (1b) (deg R). 
(1.14982 — 0.046535 K) 
A; = —1,17126 + (0.023722 + 0.024907 sp gr) K + ———_—___—__—_—__ . 
Sp gr 
Ay = (1074) (1.0 + 0.82463 K) ( 1.12172 - — ) ; 
5, 
Az = (-107%) (1.0 + 0.82463 K) ( 2.9027 — oe : ; 
7, = reduced temperature, 7/T,.. 
T = temperature in degrees Rankine. 
Ty = pseudocritical temperature in degrees Rankine. 
K = Watson characterization factor. 
Sp gr = specific gravity 60 F/60 F. 
for T, > 0.85, 
R(G=C 
Z 2 p_ <p 
G, = 8,+8,r+8,P-2{ R (7D2.2-2) 
Where: 
B, = — 0.35644 + 0.02972 K + B4(0.29502 — 0.24846/sp gr). 
By = — (10~*) [2.9247 — (1.5524 — 0.05543 K) K + B4(6.0283 — 5.0694/sp gr) J. 
B, = (10-’) (1.6946 + 0.0884 By). 
- 2 
- 10. 
B= ( = = 1.0){ 1.0— dl (sp gr — 0.885) (sp gr — 0.70) (105 | for 10.0 < K < 12.8 
with 0.70 < sp gr < 0.885. 
By = 0.0 for all other cases. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 
Procedure 
Step 1: Using the available inspection data for the fraction, determine the characterization factor 
with the methods of Chapter 2. 
Step 2: Calculate the pseudocritical temperature using the methods in Chapter 4. 
Step 3: Calculate the reduced temperature. If the reduced temperature is greater than 0.85, proceed 
to Step 5. 
Step 4: Use equation (7D2.2-1) to calculate the desired heat capacity. 
Step 5: Calculate the pseudocritical pressure for the petroleum fraction using the methods of 
Chapter 4. 
f eter 6: Use the methods of Chapter 2 to determine the molecular weight and acentric factor for the 
raction. 
GC 
Step 7: Calculate the heat capacity pressure effect term ( EE } using Procedure 7D3.1 
or 7D3.6. 
Step 8: Use equation (7D2.2-2) to calculate the desired heat capacity. 
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7D2.2 
COMMENTS ON PROCEDURE 7D2.2 
Purpose 
This procedure is to be used to estimate the isobaric heat capacities of petroleum fraction liquids. 
This method is suitable for desk or digital computer calculations. For mixtures of defined composi- 
tion, use Procedure 7D2.1, and for pure hydrocarbons, Figure 7D1.3 or Procedure 7D 1.4. 
Limitations 
This method is not reliable in the immediate critical region. 
Reliability 
This procedure has not been tested with experimental data, but is thermodynamically consistent 
with the (accurate) primary methods for calculating enthalpies for petroleum fractions. 
Special Comments 
If a molecular type analysis is available for the fraction, the pseudocompound method of Huang 
and Daubert, Ind. Eng. Chem. Proc. Des. and Develop. 13 359 (1974), is recommended over Proce- 
dure 7D2.2. 
This method is consistent with Procedures 7B4.2 and 7B4.7. 
Literature Source 
Private communication, B. I. Lee and M. G. Kesler, Mobil Oil Corp., Princeton, N.J. (lanuary 
1975). 
Example 
Estimate the heat capacity at atmospheric pressure and 325 F of a straight run petroleum fraction 
having an API gravity of 44.4 and the following ASTM D 86 distillation properties: 
Distillation, percent by volume 10 30 50 70 90 
Temperature, deg F 304 313 321 329 341 
The volumetric average boiling point is 321.6 F. From Chapter 6, the specific gravity is 0.8044 
which gives a characterization parameter of 11.45. 
From Chapter 2, the mean average boiling point is 319 F, and from Chapter 4, the pseudocritical 
temperature is 670 deg F. 
The reduced temperature is ee = 0.694 Since 7. < 0.85, equation (7D2.2-1) will yield 
the desired heat capacity: 
Ay = —1.17126 + [0.023722 + (0.024907) (0.8044)] (11.45) 
% [1.14982 — (0.046535) (11.45)] _ gece: 
0.8044 aan : 
Ag = (1074) [1.0 + (0.82463) (11.45)] | 1.12172 - oe = 8.1258x10° +. 
0.8044 
7 [, 0.70958 7 
= (-1078) [1. ; : .9027 — = -2. : 
Ay = (-107~”) [1.0 + (0.82463) (11.45)] ie 9027 ( 0.8044 } 2.1099 x 10 
G, = (0.09678) + (8.1258 x 1074) (325. + 459.7) + (-2.1099 x 10-7) (325. + 459.7). 
G = 0.6045 Btu per (Ib) (deg R). 
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7D3.1 


PROCEDURE 7D3.1 
ISOBARIC HEAT CAPACITY OF PURE HYDROCARBON REAL GASES AND LIQUIDS 


Discussion 


The following equation is to be used to predict the effect of pressure on the isobaric heat capacity 
of pure hydrocarbons: 


(0) e8) 


~O > ~0 > ~O > 
oe) _ (al Gs) 
(ae oil erro +0 —? (7D3.1-1) 


— 
ie) 
i) 
=f 
O 
SY 
1 


= the dimensionless effect of pressure on isobaric heat capacity. 


= effect of pressure on isobaric heat capacity for the simple fiuid, which is tabu- 
R lated as a function of J, and p, in Table 7D3.2 and is plotted in Figure 7D3.4. 


( = correction term for molecular acentricity, which is tabulated as a function of 
R T, and p, in Table 7D3.3 and is plotted in Figure 7D3.5. 


= reduced temperature, 7/T.. 

= temperature, in degrees Rankine. 

= critical temperature, in degrees Rankine. 
= reduced pressure, p/p,. 

= pressure, in psia. 

= critical pressure, in psia. 

@ = acentric factor. 


Sy PAT 


The dimensionless pressure effect term is used in the following equation to determine the actual 
heat capacity of the real gas: 


0 
c = c_k (ety (7D3.1-2) 


Where: 


= isobaric heat capacity of the real gas, in Btu per (lb) (deg R). >. is the analogous molar 
Pp Pp 
quantity. 


e = isobaric heat capacity of the ideal gas, in Btu per (1b) (deg R). GC is the analogous molar 
quantity. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, lb per Ib-mole. 


Procedure 


Step J: Obtain the molecular weight, critical temperature, critical pressure, and the acentric factor 
from Chapter 1. 
Step 2: Calculate the reduced temperature and pressure at which a heat capacity is desired. 
=0 > \@) ~0 ~\) 
Cp- Cp p—&p 
and a oe . If the most accurate val- 


Step 3: Obtain the correlation terms ( 


ues are desired, use Table 7D3.2 and 7D3.3 with linear double interpolation in p, and J, When near 
saturation, the interpolation procedure may not be satisfactory (see Special Comments). If slightly 
less accurate values are acceptable, they may be obtained rapidly from Figures 7D3.4 and 7D3.5. 

Step 4: Calculate the dimensionless pressure effect term using equation (7D3.1-1). 

Step 5: Obtain the ideal gas heat capacity from Procedure 7A1.1. 

Step 6: Calculate the heat capacity of the real gas using equation (7D3.1-2). 
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COMMENTS ON PROCEDURE 7D3.1 


Purpose 


This procedure is to be used to predict isobaric heat capacities of pure hydrocarbons in the real gas 
state. Tables 7D3.2 and 7D3.3 or Figures 7D3.4 and 7D3.5 are required in this procedure. The proce- 
dure is best suited to desk calculations. Procedure 7D3.6 should be used for computer calculations. 
Ideal gas heat capacities from Procedure 7A1.1 are required in either case. Mixtures are treated in 
Section 7D4. 

Equations (7D3.1-1) and (7D3.1-2) are also used in Procedure 7D1.4 to predict heat capacities of 
liquids at high temperatures. 


Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 


Differences between calculated and experimental pressure effects on heat capacity rarely exceed 
0.05 Btu per (Ib) (deg F) except in the critical region, where 0.3 Btu per (Ib) (deg F) or even more can 
occur. The error of the method increases with increasing uncertainty in the pure-component critical 
properties. 


Notation 


The notation used in Tables 7D3.2 and 7D3.3 and Figures 7D3.4 and 7D3.5 was defined for 
equations (7D3.1-1) and (7D3.1-2). 


Special Comments 


The broken lines in Tables 7D3.2 and 7D3.3 indicate the discontinuity between liquid (to the right 
and above) and vapor (to the left and below) heat capacities. Interpolations cannot be made across 
this line; always use table values which apply to the vapor phase only. Near the broken lines the 
extrapolations that are necessary should be made with respect to reduced pressure at constant reduced 
temperature. 

For saturated vapors (i.e., at their vapor pressures), do not use the two-phase border outlined in 
Figure 7D3.4. This border applies only when the acentric factor is zero, and, as acentricity increases, 
the reduced vapor pressure decreases at constant reduced temperature. The best procedure is to obtain 
the vapor pressure from Chapter 5 and proceed as if the phase were homogeneous. 

In regions of very rapid change of the simple fluid and correction terms with reduced pressure 
and/or temperature, a linear interpolation from the tables may not be satisfactory even though the 
table values are spaced more closely. Here, the figures should be used either directly or as a guide for 
interpolation corrections to the results from the tables. 

~0 ~ (0) 


The figures may be extrapolated to lower reduced pressures by noting that ( - ld } and 


~o = Vt) 
Cp -C, 
(2 =) approach zero as the pressure approaches zero. In many engineering applications, 
these limiting values may be used for all reduced pressures between 0 and 0.2. If even more precise 


results than the extrapolated values are desired (rarely), use the following equation: 


“g * 

Cp- Cp | _ | _ -2 3 —4 9 
R = ee. [(0.660 — 0.92m)7,“ + (0.831 + 3.00)T" + (0.145 + 1.16@)7-"+ 0.52607,-7] 
(7D3.1-3) 


Literature Sources 


Tables 7D3.2 and 7D3.3 were generated using the generalized correlation developed by Lee and 
Kesler, AIChE Journal 21 510 (1975). Figures 7D3.4 and 7D3.5 are direct plots of these tables. 
Equation (7D3.1-3) was developed by Pitzer and Curl, J. Am. Chem. Soc. 79 2369 (1957). 
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Example 
Estimate the isobaric heat capacity of propene in the real gas state at 302 F and 2,290 psia. 
From Chapter 1, M = 42.08, T. = 196.9 F, and p, = 669 psia. From Chapter 1, o = 0.1424. 
. 302+ 459.7 . 2,290 _ 
The reduced temperature is 196.94459.7 ~ 1.16 and the reduced pressure is oo 
Pa c (0) 
To determine (a from Table 7D3.2, interpolate first in reduced pressure. Figure 7D3.4 


3.42. 


shows that both interpolations can be safely performed linearly: 
(0) 


-0 - 
Cp-C, _ 
At 7, = 1.15, (az) = —§.535+ [(—4.545) i=s (-5.535)] ( 3.42 3.00 


3.50 — 3.00 } ndaes 


~oO ~ (0) 


} = —5.709 + [(-4.808) — (-5.709)] = ( 3.42 — 3.00 


3.50 — 3.00 


At T. = 1.20, ( } -4.952. 


~0 ~ \() 
p— Op } =~ 4.703 + [(-4.952) — (4.703)] ( 


1.16 — 1.15 


Combining these, ( 1.20 — 1.15 


=- 4.753. 
~o 7 \ CD 
anes * Cp = Cp 
Similarly, using Table 7D3.3, : =-11.333 


The dimensionless pressure effect term is next calculated using equation (7D3.1-1): 


at Ge 
C,-C 
exe )- —4,753 + (0.1424) (-11.333) = 6.427. 


The ideal gas heat capacity is obtained from Procedure 7A1.1 as 0.478 Btu per (Ib) (deg R). By 
combining this with the dimensionless pressure effect term using equation (7D3.1-2), the desired heat 
capacity of the real gas is obtained: 


(1.986) (-6.427) 
G, = 0.478 42.08 = 0.778 Btu per (Ib) (deg R). 


An experimental value of 0.752 Btu per (lb) (deg R) is available. 
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7D3.6 
PROCEDURE 7D3.6 
ALTERNATE (COMPUTER) METHOD FOR THE HEAT CAPACITY OF 
PURE REAL GASES AND LIQUIDS 
Discussion 
The following generalized method, which was used to generate Tables 7D3.2 and 7D3.3, is 
recommended for computer calculations of the pressure effect on the isobaric heat capacity of pure 
hydrocarbon gases. 
The equation to be used is 
Pau C Pa C (0) r Pau c (A) o c (0)5 
p~“p|_ | &e7%p @ (2) 3 (oe) i 
( R [ R Fake | Ne oR R ee 
Where 
sy. 
Cp— Op : : ‘ : : 
R = the dimensionless effect of pressure on isobaric heat capacity. 
Pa Pe (0) 
( PP } = effect of pressure on the isobaric heat capacity for the simple fluid, to be calcu- 
R lated from equation (7D3.6-2). 
C c (A) 
( Lees } = effect of pressure on the isobaric heat capacity for the heavy reference fluid 
R (n-octane), to be calculated from equation (7D3.6-2). 
@ = acentric factor of the gas for which the pressure effect on isobaric heat capacity 
is sought. 
@” = acentric factor of the heavy reference fluid = 0.3978 
The dimensionless effect of pressure on the isobaric heat capacity of the simple fluid and the heavy 
reference fluid is to be calculated from the following equations: 
(ar), 
: Tix == 
0 = \@ r oa 
ea) =1+ eel (s8)" 7D3.6-2 
R = & ) R Meo) 
ov, r, 
Where: 
ap, 1 by +b3/T+2h/T? — cy-20,/T dy 
f } == 1 + 1 cer 
hy, Ms ¥, \; v; 
2c 
4 
acre eo Ag a exp + (7D3.6-3) 
iv \; \y; 
op T. 
(sz | ye (38+ $-2(B+ | ha Jee (a | | 
OM oo Ve ee Me \; 
(7D3.6-4) 


~O ~ \ (0) 
:] when the equation is applied to the simple fluid (to be obtained from 


R 
Procedure (7E1.6) and 
= ~O ~ \(+ 
AC ee doe Bes ; 

R = R when the equation is applied to the heavy reference fluid (to be 
obtained from Procedure 7E1.6). 
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7D3.6 
T, = reduced temperature, 7/T.. 
T = temperature, in degrees Rankine. 
T. = critical temperature of the fluid whose heat capacity is desired, in deg R. 
V, = p,V/RT,, is obtained from Procedure 6B1.8. 
B = b -bo/T,-by/T2 - b/T?. 
C= cp C/T, + c/T?. 
D = d,+4,/T.. 
by, by, by bg Ch Cy Cz dj, dy Cy Y and B are two sets of constants, one for the simple fluid and 
another for the heavy reference fluid. The values of the constants are given in Procedure 6B 1.8. 
With the dimensionless effect of pressure on the isobaric heat capacity from equation (7D3.6-1), 
the total heat capacity may be found from the following equation: 
R(C-C 
2 Perri ay (ial oe S 
Gg=¢ Ey = } (7D3.6-5) 
Where: 
G = isobaric heat capacity of the real gas, in Btu per (Ib) (deg R). G is the analogous molar 
quantity. 
G) = isobaric heat capacity of the ideal gas, in Btu per (Ib) (deg R). G0 is the analogous molar 
quantity. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in 1b per lb-mole. 
Procedure 
Step 1: Obtain the critical temperature, critical pressure, the molecular weight and the acentric 
factor from Chapter 1. 
Step 2: Calculate the reduced temperature and reduced pressure at which the heat capacity is 
desired. 
Step 3: Use Procedure 6B1.8 to obtain the value of V, = p. V/RT, for the simple fluid. Retain T,, V, 
and all the constants for the simple fluid. 
Step 4: Use equations (7D3.6-3) and (7D3.6-4) to evaluate (dp,/0T,)V, and (dp,/0V,)7, for the 
simple fluid. 
> \ (0) 
Step 5: Use Procedure 7E1.6 to obtain eS) , the isochoric heat capacity departure for the 
simple fluid. 
=0 (0) 
Step 6: Use equation (7D3.6-2) to evaluate (a } , the dimensionless effect of pressure on 
the isobaric heat capacity of the simple fluid. 
0 (h) 
(6p 
Step 7: Repeat Steps 3 through 6 for the heavy reference fluid, to obtain (a=) 
0 (0) 0 (A) 
. Cp-Cp p— op : : . 
Step 8: Combine aa and R according to equation (7D3.6-1) to obtain the 
dimensionless effect of pressure on the isobaric heat capacity of the gas under consideration. 
Step 9: Obtain Gy the ideal gas heat capacity from Procedure 7A1.1, and combined with equation 
(7D3.6-5) to get the isobaric heat capacity. 
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COMMENTS ON PROCEDURE 7D3.6 


Purpose 


The procedure is presented for computer calculations of the isobaric heat capacities of pure hydro- 
carbon gases. The results from Procedures 6B 1.8 and 7E1.6 are directly needed in this procedure. The 
results from Procedure 7A1.1 are also indirectly used. The isobaric heat capacities of mixed gases are 
treated in Section 7D4. 


Limitations 

This procedure is mainly intended for use with hydrocarbons. Large errors might occur when used 
with polar gases. 
Reliability 


Differences between the calculated and experimental pressure effect on heat capacity rarely exceed 
0.03 Btu per (ib) (deg F) except in the critical region where 0.2 Btu per (1b) (deg F) errors could be 
expected and errors of 2 Btu per (Ib) (deg F) or more can occur. The reliability of the method decreas- 
es with increasing uncertainties in the critical properties. The equations are recommended for reduced 
pressures up to 10. However, they may be used up to reduced pressures of 20 or more with only a 
slight increase in error. 


Special Comments 


For saturated vapors, use both temperature and pressure as input (with the vapor pressure pre- 
dictions from Chapter 5 when necessary) and perform all calculations as if the point were in the 
homogeneous region. 

Literature Source 


The equations in this procedure were developed by Lee and Kesler, AIChE Journal 21 510 (1975). 
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PROCEDURE 7D4.1 
ISOBARIC HEAT CAPACITY OF HYDROCARBON GAS MIXTURES 


Discussion 


The tables and figures of Procedure 7D3.1 are to be applied to hydrocarbon mixtures by using the 
pseudocritical temperature and pressure to calculate reduced conditions instead of the true critical 
temperature and pressure. The pseudocritical properties, which are approximated as the molar 
averages of the component true critical properties, are given in Chapter 4 for mixtures of defined and 
undefined composition and blends of the two. The mixture acentric factor, which is defined as the 
molar average of the component acentric factors, may be estimated for undefined mixtures from 
Chapter 2. These approximations are summarized below: : 


Tyo = DY «,7..; (7D4.1-1) 
i=1 
Where: 
T,, = pseudocritical temperature, in degrees Rankine. 
T,, = critical temperature of component i, in degrees Rankine. 


a) 
ul 


number of components in the mixture. 
x; = mole fraction of component i. 


n 
Pye = > x;2.; (7D4.1-2) 
i=l 
Where: 
Pye = pseudocritical pressure, in psia. 
Pe: = Critical pressure of component i, in psia. 
n 
o= 3 x,0, (7D4.1-3) 
i=] 
Where: 
@ = mixture acentric factor. 


@; = acentric factor of component /. 


The results from these equations are used to calculate the reduced conditions so that Procedure 
7D3.1 may be used to calculate the effect of pressure on the mixture heat capacity. This pressure 
correction is then subtracted from the ideal gas heat capacity of the mixture, which is defined as: 


n 
O_ 0 
Cp => XC pi (7D4.1-4) 
i=J 
Where: 
ce = ideal gas heat capacity, in Btu per (Ib) (deg R). The subscript i refers to component 7 in the 
n component mixture. 

Xy, = weight fraction of component i. 


Procedure 


Step 1: For mixtures of known composition, obtain the molecular weights, the critical pressures 
and temperatures, and the acentric factors for all of the components from Chapter 1. 

(For hydrogen, use T, = 75 R, p, = 305 psia, and @ = 0.) 

Step 2: Calculate the pseudocritical temperature and pressure using equations (7D4.1-1) and 
(7D4.1-2), and the mixture acentric factor using equation (7D4.1-3). (For blends of petroleum 
fractions with mixtures of known composition, obtain the pseudocritical conditions from Chapter 4 
and the acentric factor for the petroleum fraction portion from Chapter 2. Complete the acentric factor 
calculation using equation (7D4.1-3)). 

Calculate the reduced temperature and pressure. 

Step 3: Calculate the ideal gas isobaric heat capacity of the mixture using equation (7D4.1-4). 
Input heat capacities for pure hydrocarbons are to be taken from Procedure 7A1.1. (For blends of 
hydrocarbons with petroleum fractions, obtain the ideal gas heat capacity of the petroleum fraction 
portion from Figure 7D4.2). Calculate the molecular weight of the mixture (with input for the petro- 
leum fraction portion, if present, from Chapter 2). 

Step 4: Calculate the effect of pressure on heat capacity using Steps 3 and 4 of Procedure 7D3.1, 
and the total mixture heat capacity using Step 6 of the same procedure. 
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COMMENTS ON PROCEDURE 7D4.1 


Purpose 


This procedure is to be used with Procedure 7D3.1 to estimate the heat capacities of mixtures of 
hydrocarbons which may contain nonpolar nonhydrocarbon substances. Mixtures of known compo- 
sition and blends of known compounds with petroleum fractions are treated. For petroleum fractions 
alone, use Figure 7D4.2. 


Limitations 


In general, the method is not applicable to mixtures containing polar components. 


Reliability 


Differences between calculated and experimental pressure effects on heat capacity are estimated to 
average 0.05 Btu per (1b) (deg F) except in the critical region, where 0.3 Btu per (Ib) (deg F) errors 
should be expected and errors of 5 Btu per (Ib) (deg F) or more can occur. The region of maximum 
uncertainty is the same as that indicated in Figure 7D3.4. 

The reliability of the modification for mixtures of undefined composition is unknown. 


Special Comments 


For hydrocarbon-hydrocarbon mixtures which do not contain methane, slightly better results are 
obtained in the immediate critical region using true rather than pseudocritical temperatures and pres- 
sures. This region is defined approximately by the following pseudoreduced condition boundaries: 
1.0 < 7, < 1.2 and 1.0 < p, < 3.0. True critical conditions are correlated in Chapter 4. Notice that the 
liquid phase can exist in this region even though the pseudoreduced temperature is greater than unity 
(see Introduction). 

For supercritical temperatures (7, > 1) and high pressures (p, > 5), the error can be reduced using 
the following mixture correspondence pressure instead of the pseudocritical pressure defined by 
equation (7E4.1-2): 


RT, z XX ei 
Pne = (7D4.1-5) 
x x,V.,M; 


Pmc = mixture correspondence pressure, in psia. 

gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 

critical compressibility factor of component i (from Chapter 2). 

Vj = critical volume of component / (from Chapter 1) in cubic feet per pound. 
M; = molecular weight of component i (from Chapter 1), in lb per Ib-mole. 


More reliable pressure effects on heat capacity can be obtained under most temperature-pressure 
conditions using the mixture correspondence rules of Joffe (35), Stewart, et al. (71), Lee and Kesler 
(42), or Leland and Mueller (44). However, the small advantage in accuracy does not justify the added 
labor involved in using these methods. 

For computer heat capacity calculations, Procedure 7D3.6 may be adapted to mixtures using the 
mixture correspondence point as described (for gas densities) in Procedure 6B2.2. Mixtures of known 
composition, petroleum fractions, and blends of the two may be treated. The reliability for mixtures 
of known composition is approximately the same as quoted previously. For petroleum fractions, 
obtain the necessary ideal gas heat capacities from Figure 7D4.2. 


Literature Sources 


Equations (7D4.1-1) and (7D4, 1-2) were given by Kay, Ind. Eng. Chem. 28 1014 (1936). 
Equation (7D4.1-5) was developed by Prausnitz and Gunn, AIChE Journal 4 430 (1958). 
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Example 


Estimate the isobaric heat capacity of a 47.25 mole percent methane-52.75 mole percent propane 
mixture at 310 F and 1,500 psia. 

The following tabulation of critical properties, molecular weights and the acentric factors was 
obtained from Chapter |. The ideal gas heat capacities were obtained from Procedure 7A1.1. 


Methane 

Propane 
Molar Average 
Weight Average 


The reduced temperature is 


From Procedure 7D3.1, 


G 


Critical 
Pressure, Ideal Gas 
Pe Heat 
Critical (Pounds Capacity, 
Temperature, 7. per CG. 
——_———_ Square Acentric Molecular Weight Btu Per 
Mole Degrees Degrees Inch Factor, Weight, Fraction, (ib) 
Fraction Fahrenheit Rankine Absolute) 0) M Xe (Deg R) 
0.4725 -116.6 343.1 667.8 0.0108 16.04 0.2457 0.628 
0.5275 206.0 665.7 616.3 0.1517 44.09 0.7543 0.533 
—_ —_ 313.3 640.6 0.0851 30.84 —_— —_— 
— —_— —_ = = —_— 1.0000 0.557 
459. ‘i 
acaeae = 1.50, and the reduced pressure is ae = 2.34 
~0 7 (0) ~o = \CD 
(ae as = -2.093 (oe =& = -0.693 
R bas a 7 


Cc 
(a) = — 2,093 + (0.0851) (-0.693) = —2.152 


1.986 


= 0.557 — ( 30.84 


An experimental value is also 0.695 Btu per (Ib) (deg R). 
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7D4.2 
PROCEDURE 7D4.2 
ISOBARIC HEAT CAPACITY OF PETROLEUM FRACTION VAPORS 
Discussion 
The isobaric heat capacity of a vapor phase petroleum fraction may be estimated using this proce- 
dure. This method is suitable for both desk and digital computer calculations. The equation is: 
R(Cp-C 
2 pp 
C, = A, +AT+A,T | 3 } (7D4.2-1) 
Where: 
= isobaric heat capacity for vapor phase petroleum fraction in Btu per (1b) (deg R). 
A; = 0.35644 + 0.02972 K+A4 (0.29502 — 0.24846/sp gr). 
Az = -(10+) 29287 — (1.5524 — 0.05543K) K+ A,( 6.0283 — — } 
Az = ~(1077) (1.6946 + 0.0844 Ay). 
é 2 
12. 10. 
Ag = ( “ = 1.0)( 1.0- +) (sp gr — 0.885) (sp gr — 0.70) 204 | for 
10.0 < K < 12.8 with 0.70 < sp gr < 0.885. 
Aq = 0.0 for ail other cases. 
T = temperature in degrees Rankine. 
K = Watson characterization factor. 
R = gas constant = 1.986 Btu per (lb-mole) (deg R). 
M = molecular weight, in lb per Ib-mole. 
Gre 
[eee = dimensionless effect of pressure on isobaric heat capacity, obtained from Procedure 
7D3.1. 
Procedure 
Step 1: Using the available inspection data for the fraction, determine the Watson characterization 
factor, K, with the methods of Chapter 2. 
Step 2; Calculate the pseudocritical temperature and pressure for the fraction using the methods of 
Chapter 4. 
Step 3: Use the methods of Chapter 2 to determine the molecular weight and acentric factor for the 
fraction. 
Step 4: Calculate the reduced temperature and pressure. ean 
Cy -C, 
Step 5: Use Procedure 7D3.1 to calculate the heat capacity pressure effect term, (ea J 
Step 6: Calculate the desired heat capacity using equation (7D4.2-1). 
1992 7-199 
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COMMENTS ON PROCEDURE 7D4.2 


Purpose 


This procedure is to be used to estimate the isobaric heat capacities of petroleum fraction vapors. 
This method is suitable for desk and digital computer calculations. For mixtures of defined compo- 
sition, use Procedure 7D4.1. 


Limitations 


This method is not reliable in the immediate critical region. 


Reliability 


This procedure has not been tested with experimental data, but is thermodynamically consistent 
with the (accurate) primary methods for calculating enthalpies for petroleum fractions. 


Special Comments 


If a molecular type analysis is available for the fraction, the pseudocompound method of Huang 
and Daubert Ind. Eng. Chem. Proc. Des. and Develop. 13 359 (1974), is recommended over Proce- 
dure 7D4.2. 

This method is consistent with Procedures 7B4.2 and 7B4.7. 


Literature Source 


Private communication, B. I. Lee and M. G. Kesler, Mobil Oil Corp., Princeton, N.J. (January 
1975). 


Example 


Estimate the heat capacity at 885 F and 205 psia of a straight run petroleum fraction having an API 
gravity of 44.4 and the following ASTM D 86 distillation properties: 


Distillation, percent by volume 10 30 50 70 90 
Temperature, deg F 304 313 321 329 391 


The volumetric average boiling point is 321.6 F. From Chapter 6, the specific gravity is 0.8044, 
which gives a characterization factor of 11.45. 
From Chapter 2, the mean average boiling point is 319 F. 
This boiling point is used with the methods of Chapter 4 to give a pseudocritical temperature of 
670 F and a pseudocritical pressure of 395 psia. 
Using the methods of Chapter 2, the molecular weight is 131 and the acentric factor is 0.3532. 
The reduced properties are: 
_ 885 + 459.7 =119 _ 205 
"670+ 459.7 Pr 395 
From Procedure 7D3.1, the pressure correction term is: 


ate 
ees) 

—P P| =-1.107 
Se 


Use of equation (7D4.2-1) will give the desired heat capacity: 


= 0.52. 


2 

12.8 10.0 ; 
Ag= |{ ——z-1.0]} 1.0-—— |(0,8044-0. 8044 —0.70) (104) |. 
4 ( 11.45 0)( 0 ras )(08 0.885) (0.8044 — 0.70) ( 
Ag = 1.5785 

0.24846 
= -0. ; 11.4 : ; z 

A, = -0.35644 + (0.02972) (11.45) +(1 578s) { 0.29502 aa } 


A, = -0.03802. 


Ay = (10%) [29287 — [1.5524 — 0.05543 (11.45) ] (11.45) + 1.5785 [ 6.0283 — son} : 


A, = 8.01544 x 10+. 

Ax = 107") [1.6946 + 0.0884 (1.5785)]. 

A; = -1.83413 x 10°77. 

G, = 0.03802 + (8.01544 x 10+) (885 + 459.7) — (1.83413 x 10-7) (885 + 459.7) 


1,986 
—43r (-1.107) 


G = 0.7249 Btu per (ib) (deg R). 
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7E1.1 
PROCEDURE 7E1.1 
HEAT CAPACITY RATIO OF PURE HYDROCARBON REAL GASES AND LIQUIDS 
Discussion 
The following equation is to be used to predict the effect of pressure on the isochoric heat capacity 
of pure hydrocarbons: 
~O + - ~ , (0) -0 =~ 
(es) = [ae ) + Ga TE1.1-1 
Ro) OR OTR GERD 
cy zi Cy i e = : 
R = the dimensionless effect of pressure on isochoric heat capacity. 
Pal c (0) 
f :) = effect of pressure on isochoric heat capacity for the simple fluid, which is tab- 
R ulated as a function of 7, and p, in Table 7E1.2 and plotted in Figure 7E1.4. 
Gey” 
( : | = correction term for molecular acentricity, which is tabulated as a function of 
i T, and p, in Table 7E1.3 and plotted in Figure 7E1.5. 
T, = reduced temperature, 7/T,. 
T = temperature, in degrees Rankine. 
T. = critical temperature, in degrees Rankine. 
p, = reduced pressure, p/p,. 
p = pressure, in psia. 
Pe = critical pressure, in psia. 
@ = acentric factor. 
The dimensionless pressure effect term is used in the following equation to determine the actual 
isochoric heat capacity of the real gas: 
al ese 
= co_* peas ‘ 
C, = C5 ae ( R } (7E1.1-2) 
Where: 
C, = isochoric heat capacity of the real gas, in Btu per (Ib) (deg R). C, is the analogous molar 
quantity. 
ond = isobaric heat capacity of the ideal gas, in Btu per (Ib) (deg R). After subtracting the R/M 
term, this quantity becomes c’, the isochoric heat capacity of the ideal gas. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 
The heat capacity ratio, k, is calculated by dividing the G, value from Procedure 7D3.1 by the C, 
from equation (7E1.1-2). 
Procedure 
Step J: Obtain the molecular weight, critical temperature, critical pressure and the acentric factor 
from Chapter 1. 
Step 2: Calculate the reduced temperature and pressure at which a heat capacity is desired. 
~O 7 \ (0) ~o > \() 
ts ‘ Cy = Cc, va hp 
Step 3: Obtain the correlation terms R and R . If the most accurate val- 
ues are desired, use Tables 7E1.2 and 7E1.3 with linear double interpolation in p, and J. When near 
saturation, the interpolation procedure may not be satisfactory (see Special Comments). If slightly 
less accurate values are acceptable, they may be obtained rapidly from Figures 7E1.4 and 7E1.5. 
Step 4; Calculate the dimensionless pressure effect term using equation (7E1.1-1). 
Step 5: Obtain the ideal gas heat capacity from Procedure 7A1.1. 
Step 6: Calculate the isochoric heat capacity, C,, of the real gas using equation (7E1.1-2). 
Step 7: Obtain the isobaric heat capacity, C,, of the real gas using Procedure 7D3.1. 
Step 8: Calculate the heat capacity ratio k = C,/C,, from the results of Steps 6 and 7. 
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COMMENTS ON PROCEDURE 7€E1.1 


Purpose 


This procedure is to be used to predict heat capacity ratios of pure hydrocarbons in the real gas 
state. Tables 7E1.2 and 7E1.3 or Figures 7E1.4 and 7E1.5 are required in this procedure. The method 
is best suited to desk calculations, and Procedure 7E1.6 should be used with digital computers. Ideal 
gas heat capacities from Procedure 7A1.1 are required in either case. Mixtures are treated in Section 
TE2. 

Equation (7E1.1-2) defines the isochoric (constant volume) heat capacity of the real gas, which 
may also be obtained using this procedure. 


Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 


Differences between calculated and experimental heat capacity ratios rarely exceed 2 percent 
except in the critical region, where 10 percent errors should be expected and errors as high as 100 
percent can occur. The reliability of the method decreases with increasing uncertainties in the critical 
properties. 


Notation 


The notation used in Tables 7E1.2 and 7E1.3 and Figures 7E1.4 and 7EI.5 was defined for 
equations (7E1.1-1) and (7E1.1-2). 


Special Comments 


The broken lines in Tables 7E1.2 and 7E1.3 indicate the discontinuity between liquid (to the right 
and above) and vapor (to the left and below) isochoric heat capacities. Interpolations cannot be made 
across this line; always use table values which apply to the vapor phase only. Near the broken lines, 
the extrapolations which are necessary should be made with respect to reduced pressure at constant 
reduced temperature. 

For saturated vapors or liquids (i.e., at their vapor pressure), do not use the two-phase border out- 
lined in Figure 7E1.4. This border applies only when the acentric factor is zero, and as acentricity 
increases, the reduced vapor pressure decreases at constant reduced temperature. The best procedure 
is to obtain the vapor pressure from Chapter 5 and proceed as if the phase were homogeneous. 

In regions of very rapid change of the simple fluid and correction terms with reduced pressure and/ 
or temperature, a linear interpolation from the tables may not be satisfactory even though the table 
values are spaced more closely. Here, the figures should be used either directly or as a guide for 
interpolation corrections to the results from the tables. 

For reduced pressures between 0 and 0.2, which are below the correlation range, the heat capacity 
ratio should be calculated using the ideal gas heat capacity only: 


(7E1.1-3) 
This equation is a simple modification in which it is assumed that nonideality corrections in 
numerator and denominator cancel. 


Literature Sources 


Tables 7E1.2 and 7E1.3 were generated using the generalized correlation of Lee and Kesler, AIChE 
Journal 21 510 (1975). Figures 7E1.4 and 7ELS are direct plots of these tables. 
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Example 


Estimate the heat capacity ratio of propene at 302 F and 2,290 psia. 
From Chapter 1, Mf = 42.08, J. = 196.9 F, and p, = 669 psia. From Chapter 1, w = 0.1424. 


. 302 + 459.7 _ 2,290 _ 
The reduced temperature is 196.94459.7 ~ 1.16 and the reduced pressure is 669.7 3.42. 
Pau c (0) 
To determine [ af | from Table 7E1.2, interpolate first in reduced pressure. 
Figure 7E1.4 shows that the interpolations may be safely performed. 
C20.) 3.42 — 3.00 
voy ‘ — 3 
=1,15, =-0. : —(-0. —_-—__ | = -0.418. 
At 7, =1.15 ( R } —0.427 + [ (-0.416) — (-0.427)] ( 3502300 0.418 
Cen 3.42 - 3.00 
vy . = 
At 7, = 1.20, ( R } = -0.444 + [ (-0.425) — (-0.444)] ( 350-300 } = -0.428. 
~O ~ x (0) 
ate v— Cy 1.16-1.15 
Combining these, = —-0.418 + [ (0.428) — (-0.418)] Too-1is |= —0.42. 


q) 


or 
a) =~ 1.796 


Similarly, using Table 7E1.3, ( 


The dimensionless pressure effect is next calculated using equation (7E1.1-1): 


~Q ~ 
Cy - Cy 
E R } = —0.420 + (0.1424) (—1.796) = -0.675 


The ideal gas heat capacity is obtained from Procedure 7A1.1 as 0.476 Btu per (Ib) (deg R). By 
combining this with the pressure effect, using equation (7E1.1-2), the desired isochoric heat capacity 
of the gas is obtained: 


C, = 0.476 -( on } [1 + (-0.676)] = 0.461 Btu per (1b) (deg R) 
From Procedure 7D3.1, G, = 0.776 Btu per (lb) (deg R). The desired heat capacity ratio is 
0.776 
—— = 1.68. 
0.461 BS 


An experimental value of 1.69 is available. 


7E1.1 


7-203 


Information Handling Services, 


2000 


API TDB CHAPTER*? ** MM 0732290 0536874 Ted 


7E1.2 


00°F 
OS"€ 
00'¢ 
0S‘Z 


00°7 
061 
08'T 
OL'T 
09°T 


Ost 
Ort 
Lito | 
scl 
0e'T 


STT 
oll 
So'l 
co's 
00'T 


860 
S60 
06°0 
$80 
080 


$20 
0L°0 
$90 
09°0 
$$'0 


0S°0 
sP'0 
OF'0 
Se'0 
00 


ainjeisdaay 
paonpay 


Iro0- se00—- P200-— O70'O0- 8sI00— StIoO0— fcI00— TIOO- s8000- 9S9000— sa00— PpOo0— £00°0— 200°0- 100°0- 
6S00— I1S80'0-. 9£E00- Of00- 9700- E700- O700- 9100- 2I00— O1O0— 800'0— Z400°0- s000- c000- 700°0- 
060°'0— = 640°0-— LS0O0— LPOO—- ZHOO—- LEDO— If00—- 9700- O0200- SIOO—- FETOO— ITOO— 800°0- S00°0- £00°0—- 
cerO— 67107 L60;O0—- 7Z800—-— PrlOO0—- S900—~ 950°0- SrOO0— St00—- 820'0- Fe00—- G6IDOO0—- -F100— O10°O0—- $00°0—- 
ecvO— I270— Pp8lO- T9O—- LelO- TEld— fIlO- £60'0—- I1L00—- 880'0—- 6rO0—-— 6£00— Of0°0—-— O20'0—- OI10'O—- 
LSTO— 9PZ'0—- TIZO—- L800- 7LIO—- «ESTO «6CETO— «(OLL0— )~=6P800— )=—890'0- 3=LS00- SP0O- SfOO0-— fz0'0- ZI0'0- 
C8STO— =ELCO- @ZO- GITO—- ZOTO— ZTO— Bsto— Teo TOVr'0—- =7800—- 6900—- Ss0O0-— 2rO'O0—- 8700—-— FI00—- 
ZICO— TOSO— BLT7O0— 9870-— 6f70-— LITO— O6T0-— B8ST0—- cZIO— 6600— £80'0— L900—- O0S0°0—- Frf0'0—- LI0'O— 
epeo—- Teeo—- 9IFO0—- OOFO— Pr870— ~@970- I1ftO0- ¢6l0—-— OStO—-— IZlo- cOoloO— cZ800—- 7c7900— I1P0'0—-— I7200—- 
OLEO— ~@9EO- ESEO-— LPEO— 9ECO—- LIEO— sszo— TreO- LETO—- ISTO— LeTO0- COLO—- LL00-— IS00—- 920°0- 
rIvO— P6ceO0— P8S0-— G68E0-— 68F0— O8f0— rSE0—- SOfO- sEzO—- £6tO0— IT9T'O— 621'0- L600—- P90'0—-— 7E0'0— 
LSpO— 6770—- SOP'O—- FIPO—- StrO- SEPO— TEPO- C6E0— EFEO-— CTSTO— OCO— B910—- szI0—- £800— ITrO'O- 
Osro— LerO— CIPO— SIP O0—- 67%r0— B8rrO— S9F0— 9FPO- £9£0—- £670—-— eP7O—- C6T0— rrlO—- sS600— Lr0'O- 
soso— L9r0—- O%F0- LIPO- StrO—- PrrO—- LLPO—- 96F0—-— StrO—- ChEO-— FECO—- SezZO0—- LOTO—- OLT'O— ¥S0°0- 
TesO- 88F0-— S82rO—- 9IP0- S1P0—- LePO— BsrO—- LISO—-— WsSa—- G60FO—- LEEO- S9ZO- s6l0—- LETO~- £90'0— 
Lsso— O1S0—- 9EF0—- QIFO—- G60rO— 80F0—-— O@FO0— OLFO- SLEO— 86r0—- S90P0— SICO—-— OFZO- G6rIO- ¢£L0°0— 
resSo— resdO—- SrrO—- LIPO SOrO—- S6E0—- O6F0—-— OOF O0—-— E£8h0—- 6I90— SOS'O- FBEO- O9L20- LLIO- 980°0- 
0090 =6ersO— «6S ON «66IP OO) =CEOF'O—)=—68EO— «= BLE) SCOELE OT) —SELO— )«=66PO- «= S680 OREO) OOOTE'O— )=—LOT0- )— $600 — 
o190— Iss0—- PSPO- OcrO- E0PO—- 98E0-— ILEO- O9f0- E9E0-— O6S0— 8E9O0-—1 C8h0—- 9Ef0-— CIZ0— ZOTO- 
t 
oz790— =6S50— LSPO—- O%FO- cOrFO— F8EO— 99E0—- OSE0— Ire0— YXFE'O- PIEO—- 1 6E50— 601°0- 
£e90—- 899°O—- O9P0—- O2FO0-— OOV'O0—- G6LEO- BSt0-— B8te0—- OcfoO—- TISO—- s0f0—- TIO (0 Sl be 
csoo— 18S50- 19P0- 9IP0- c6C0— 69F0— Ssreo- 61£0- £670— 8L20- L9TO0— LSTO0— 6Fl0— 
c99'0— = 880 «= CSO =O 0PO-) = LLE'SO )=—O*OSEO— )«=CETEOT SEZ — SOTO OOFZO =O PET «= OT EZ Pst o— 
gso0—- @LS0— Ler O— ¢LEO0— SrEO— SIEO— 9870—- Ssc'0—-— €tZ70—- cOZO— 68TO— SLtI'o— TL70— 
emcee nen e 
cego— =LesO— LLEO— BIfSO— B8Z0-— 9S70— FETO— O6TO0—- SStO- FETO— G6ITO—- PvOloO— 8800-— £10°0- LS0°0— 
IZSO0—- Pp9PO0—-— 8870-— P770-— O6TO— SSTO— TZT0—- Se30'0—-— LrdO— 200-— 8000— 800°0 700 1r0°0 £¢0°0 
esrpO— peco— seto— g8900— I£0'0— 2000 $700 7800 Szr'0 osT'0 991'0 PST'O T0z°0 81770 9£7'0 
9r7O— cITO— ZOT0 $810 9770 £970 60£°0 es¢e0 96¢°0 cero Ipr'O 09F'0 glo L6¢'0 9IS'0 
Soro 8$7c'°0 $0S'0 765°0 Le9'°0 £89°0 67L°0 LLL'0 $7c8"0 sss0 PL3'0 $68°0 st60 s¢6°0 966°0 
169°0 293°0 Lerl OPT L67'T Brel 0OF'T esp'l LOS"T Ors'T 79ST PBs 909°T 6791 1g9°T 
OL9'T PLs'l 860°C Ite? 690°C Lert 98h°C 9PS'T LO9°Z br9'e 899°C £69°C SIL’? cele 69L'T 
9c" LOS'E 9P6't LLO'Y Prl’y TIt’y 6LC'P rer SIP Pr O9P'P 88h'r OTS’ b SPs'p CLs'y coo’y 
L819 LLY9 8769 £804 TOT'L OPe'L OTEL O0r'L T8P°L OES'L €9S'L 96S°L 6t9'L ZOOL 969°L 
TL7°T1 L79°TT OL CT P9C'CI 8SP'T1 ra 679°CI SPLTl CHE'TI 006°ZT Oré6'7I 3=6LE6°CT SIO'E! LOOQ'ET L60°ET 
= 00°01 00's o0°s 00°P os'€ oor Os'z 00°C Ost 02'T 0O'T 080 09°0 Ord 070 
aInssaig paonpay 
(VTAL smpssoig Jo 1Jeg) 
: (45 = = =) ‘WYSL GIN FIWIS ‘ALIOVdVO LYIH DIHOHDOSI NO ANNSSAYd JO LOTT 
0; o 


eral TIAVL 


7-205 


1992 


2000 


Information Handling Services, 


COPYRIGHT 2000 American Petroleum Institute 


£32233 


14 


2000 


Febuary 22, 


API TDB CHAPTER*? ** MM 0732290 0536875 %b4 


7E1.3 


£c0°0 
¥z0'0 
st0'0 
vIoo— 


6c1'0— 
TZV0~ 
027-0 — 
PLZ0— 
oeeo— 


6LE°0— 
9Tr0— 
6Er'0— 
srr o— 
09¢'0— 


8Lr'0— 
605°0— 
655°0— 
Z09°0— 
£90 


6L9°0— 
9SL'0— 
7E60— 
ssri— 
sot 


190°¢— 
LOLe— 
rele 
STUS— 
810 L— 


L69°6— 

Teset— 
O8T’6l— 
ChE LE 
889° ch— 


00°0T 


ee 


L100 
910°0 
800°0 
£200 — 


gsTo— 
Tico 
8L7'°0— 
6sco— 
csr 


S¢o0— 
$790 
919°0— 
769'0— 
s0L'o- 


TL O— 
LeLo— 
£6L'0— 
Fes O— 
898°0— 


0160— 
986°0— 
sot t— 
Str T— 
L6LT— 


9too~ 
Lso'e— 
1LO'e— 
8Lr's— 
srr L— 


CIC Or 
£91 — 
81661 — 
916°87 — 
890°PP — 


00's 


800°0 
$00°0 
£00°0— 
0F0'0— 


L£9T'O— 
£t7'0— 
667'0— 
£Or'0— 
9bS'0— 


LEL0— 
996°0— 
SzvI— 
Teor 
OLT I~ 


£71 — 
Iv 
coo l— 
soe t— 
SEO 


O98 T— 
Pert — 
06ST — 
SPS t— 
Ofv et 


SLLT— 
Ors'e— 
S09 r— 
¥80°9— 
Orl'8— 


eZO' TT — 
SETST— 
sIC1e— 
SHOE — 
SLOP — 


Go's 


A 


900°0 
Z00°0 
800°0— 
1r0"'0— 


6810 
Tico 
T8C°0— 
6L£2°0— 
61S 0— 


61L'0— 
700°| — 
Orel — 
esr l— 
9ST — 


Plot 
SPOT 
cts 1 — 
StS tT — 
LEST — 


689° — 
rat io 
Poll — 
SIO T— 
S6CT— 


Pre T— 
LIL e— 
L6L°7>— 
Loc 9— 
98E°8— 


i 6 
88r'ST— 
PENT — 
660 TE — 
C18'Or— 
a ea re Na pie eee a EN et Oe eo eo 


aImesoduiay 
peonpey 


00°F 


uw 


¥00°0 
T00°0 
600°0— 
1r0'0- 


EsT'O— 
107'0— 
L970 — 
09f'0— 
c6r'0— 


989°0— 
¥L6'0— 
Sséol— 
78ST — 
OL I — 


OLLT— 
stl t— 
TL9I— 
LsoT— 
199°T— 


Seo T~— 
LIL IT— 
8ssl— 
sore 
£8r7— 


c£0'€ — 
Ors’ — 
S68'b— 
LOP'9— 
cls'8— 


bor ti — 
s9o°sT — 
6S 17 — 
SLE TE 
I8tLr— 


Os" 


£00°0 700°0 100°0 

000°0 100°0— =: L000 — 
O10O— O10'O— 600°0— 
6e00— LEDO—- CEO'O— 
PRLO— cELO— 9Ti0— 
68P'0—~ CLIO ISTO 
OSTO— = 8270—- 661 0— 
Seeo— SOEO— 9970—- 
Lsro— Piro— T9e'0—- 
9690— PLSO—- 66r'0— 
cI6O0— I780- 80L'0—- 
Ire l— P77 I B8P0'l~ 
SI9T— CtSt— SoeI— 
TLE T— 68ST =S9NT— 
cOOC— ERNE ELT 
SS61T— OL7T— EPFE— 
€SSI— C60C— PSHE 
FISI— Low 957°C — 
C98I— €L6T— 88re— 
908T— LS6T— ITPPe— 
9B I— 696T— I2Le— 
T96T— SLOT 661°C 
1OC@C— = €0ET— — OTT PS 
SLOT— =TL9T— «ELL et 
PIT E— EITE— BIE E— 
woe E— T00'R— LOT r— 
966F— 660'S— POz'S— 
sIs9— Te99—- SpLgo— 
629 8— LOL8— 868°8— 
TI9TI— COL TI FIle tI— 
PPSSI— PCO'9I— LOT9T— 
LLOZZ— 96C'CZ— LIS ZZ 
BSH TE— OPE TE— Ete ZE— 
Issly— T76LP— 167 8P— 

00°€ ose 00'¢ 


100°0 

700°0— 
800°0— 
8c0'0— 


960°0— 
$c10— 
posto 
817 0— 
-67'0— 


SOr'O— 
£Lo°0— 
6£3°0— 
veo'r— 
660° — 


139° — 
Ole c— 
6rle— 
WLe— 
96r'T— 


6LET— 
wee 
$eoe— 
Leo eo 
088°C — 


COPE 
SOT R— 
Iles — 
798°9 — 
0£0'6— 


690°C1 — 
1691 — 
6eLec— 
LOS'TE— 
¥99'8h— 


Ost 


oINnsselq Paonpoy 


Sra. ATAVL 


000°0 

z00°0—~ 
L00°0— 
PZ0'O— 


180°0— 
sor'o— 
8eTO— 
esro— 
Le7'0— 


Ore O— 
8Lr'0— 
$69°0— 
7S8'0— 
190° — 


TSE ET 
ssLt— 
ELgT— 
Sore 
608°7 — 


OLS e— 
Tere— 
9th eo 
709°C — 
sre 7 — 


L8re— 
690° — 
sses— 
££6°9— 
or r6— 


£9TL— 
£0991 — 
PLE — 
8L9°7E— 
8888p — 


Oz'T 


(TAL OMpsooig JO 13%) 
) ‘WHEL NOLLOTYYOD ‘ALIQVdVO LVIH DIMOHDOSI NO AUNSSTYd JO LIGAIT 


000°0 

T00°0— 
900°0— 
1700 — 


020°0— 
160°0— 
61TO— 
sslo— 
CIT O— 


16Z70— 
80F'0— 
065°0— 
1cL0— 
£68°0— 


scr i— 
6s I — 
066°T — 
6rS'T— 
685°E— 


6tLT— 
LASS Go 
06¢'7— 
psre— 
S66°T— 


cee 
Sle r— 
lepg— 
186°9— 
POT 6— 


Stoel — 
BLE°9E — 
P96°CZ— 
TOL TE 
LEO" 6r— 


00°T 


000°0 

100°0 — 
s00°0— 
810°0— 


8S0'0— 
$L00— 
660°0— 
0eT'O— 
s$Lv0— 


6£70— 
ree o— 
08h'O— 
v8s'0— 
8IL0— 


968°0— 
ceri 
£0S°E — 
618° T— 
6017 — 


6ST 
80L°T— 
£r0'e— 


9L9° 
Ege — 
8Lrs— 
620° L— 
8176 


88271 — 
€s9°9T — 
ps0°et— 
806° CE — 
Lgt'6rp— 


08°0 


000°0 000°0 
1o0';O— ~=—s- 1000 — 
v00';0— += €00'0— 
yloo— O10'0— 
sp00— T1E0'0—- 
8s0°0— db0'0— 
9400—-— zS0'0—- 
Tor'o— 6900- 
SELO— 7600— 
Psro— stlo- 
9S7O0— = PLI'O— 
S9CO— OF7'0—- 
IprpO—- 9670— 
6sSO0—- 6sc0—- 
£99°0— + Orr'o—- 
LESO— = SPSo—- 
€LOI— 989°0— 
9CI— £6L0—- 
OtPI~- 8L8°0-— 
OIST— 9260— 
LS661— pSTI— 
ZeO7— | 8ST 
SOLE PTB E 
£60°'E— FPrl'e— 
CUHE— G99'E— 
60r'r— 9SP'r— 
S7OS— eCLes— 
680° L— OPTL— 
CLO6— LEE'E- 


000'0— 
000°0 — 
c00'°0— 
s00'0— 


9T0'0— 
120'0— 
L£z0'0— 
900 — 
Lr0'0—- 


¥90°0— 
880°0— 
7 
SPIO 
6LT°0— 


L1c0— 
997'0— 
ofc o— 
8Le0— 
Prr'o— 


sspro— 
LeS'0— 
€89'0— 
| £06°0— 
Z68°0-~ 
LILE— 
€0S'r— 
79'S 
t6l'L— 
Z8E6~ 


TSETI— SIP TI— O8F'ZI— 
87L'9T— PO8'9T— O88'9T— 
SPT'ET— DEZEC— LEE EZ— 
CCOEE— BET'EE— Est’ ee— 
LEC 6P— 98h 6r— LED 6P— 


090 or’ 


ra 


1992 


7-206 


2000 


Information Handling Services, 


COPYRIGHT 2000 American Petroleum Institute 


£32233 


14 


2000 


Febuary 22, 


API TDB CHAPTER*? ** MM 0732290 O5S3b676 &T0 


7E1.4 


1.0 


Part of Procedure 7€1.1 


NOTE: 


0.8 | NOTE 


Same values are 
listed in Table 7€1.2 


Region of 


Maximum 


06 


= 
x 
5s] 
= 
/ 
a 
vy 
i= 
=) 


Fo 
& 
‘ 
HO. 
143 
2, 
a 
7 
[o} 
( 3 
A ry 
A”. 
(ee 


= : Heeseee ue Berea: = 
- ro] 
: ° 
! o 
: if 4 
: z E 
o) 4 
T i 4 w = =) iad 
iva [aa J o 
= be) Ww) ¢ @ 
- D rl oS = 
Rie si 2 § 
w fu cs} 6 2 
t c iL c 
+ au Ww F Ss 
st @ 9 z 
tt TO 
# ia 2 
TNT HST te 7) 
z u gf. NX 
wi 2: — 
2 ly 
i! 
JSG 
T oe 
NT 
tN 
if TT 
TT) Afi Gee es 
i i f 
= sat z Tp ett HH SHES 
f- tt + HH t= 
3 : ialateckad {A Peete 
rs B mun t + pert 
Sam d Hi Ets eens fete seeseS SEBO me 
y : Beste lateenetgerss=cageaaea eee 
6 SHIN ee 
/ : HPS Nfs Se 
(a> is NUT arid fe aie = 
HEUTE azn cath tutattns een €eaege EEESoES 
HTT Sed ride ~serea ne menarts aren oie 
2 NP + peneiit iii eelee Eeseeeeee 
(og acne St saa 
Ho NS st tS 
3 Secs SEres shes =r 
f NK pesneta saueen take 
q : 2s Senee eae :s 
“ = ine) ° x oO “ 
ro] ° ° ° 4 ° ° 
o o ° ° ° 
Waal AiNIS JIWdWIS ALIDWdVD 1V3H DINOHDOSI 


0 


1 


08 


6 


0) 


Pr 


’ 


REDUCED PRESSURE 


7-207 


1992 


Handling Services, 2000 


Information 


Petroleum Institute 


COPYRIGHT 2000 American 


£32233 


14 


2000 


Febuary 22, 


API TDB CHAPTER*? xx BM 0732290 053647? 737 


7E1.5 
NOTE: Port of Procedure 7E1.} 
NOTE: Some values are Ey 
3.0 Hf listed in Table 7E1.3 i 
RITES epee DTW Se eke eae Region of 
iy Te RR EPEE! ri ict eee het Maximum 
oo fil Tiel tye ; +H aU ane eraaee Uncertainty 
A ist eouEs t TA TEE 
a HPe CACM REREERCSONe (HT eeeseecaath 
i Hie meat 1 i. tT 
i ii ne t sath 
t ao cel asi any ae 
uk C » 8 CAT i C 
As Ci dan 
16 [san si Sazer se See 
© a } 
S SSEEndE : 
08 : : 
a 
= <2 
eel 
i 0.6 zs 
jae = 
o> 
cu 
0.4 
z TE 
Bw 0.3 F i F ‘ 
Zz i i =e 
e) : TRE FI tt 
= tH I 
v HET H 
e 0.2 STRAT GUT: 
9 i 
nisin A 
it Nieas ' 
a 
ae a iT 
Y i | 4 t 
: i 
Vv ol HEE 
& 1s 
as 0.08 H F Seeereasaics + 
Ir it 10 geen =F EEEEE H ; a 
ie) is Cry 
& i EERE EE EE iH 
fe) 0.06 F ane : EEC REE eee H es : 
U Soa Ht EERE = fc: 
(0) i oo t ¢ + 
2 
sess tt] =o i 2.50 | 
0.04 : s Ht 
t- Ma rt rt i aon t HH 
al amy Le -t { 
0.03 HD SB EET : FIGURE 7E1.5 He 
ea EEE : 4 EFFECT OF PRESSURE ON 
i ; Waugizeed EHH ISOCHORIC HEAT CAPACITY 
te HEH H : SE REEF CORRECTION TERM H 
i eee cot rH paaiis 
is rry al m a Oe American 
ait Petroteum 
HH : HH “EE EEE rnetuna TECHNICAL DATA BOOK 
| ctr] i ni pasaue ip January 1991 
0.01 abeer eer LU SELLE aay i 
02 0.3 04 06 08 10 2.0 3.0 40 60 80 100 
REDUCED PRESSURE,p, 
7-208 1992 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 143° 3'235.33 


API TDB CHAPTER*? ** BB 0732290 0536474 673 


7E1.6 
PROCEDURE 7€1.6 
ALTERNATE (COMPUTER) METHOD FOR THE HEAT CAPACITY RATIO OF PURE 
REAL GASES AND LIQUIDS 
Discussion 
The following generalized method, which was used to generate Tables 7E1.2 and 7EL.3, is recom- 
mended for calculating the isochoric heat capacity of pure hydrocarbon gases by a digital computer. 
The equation to be used is: 
~O 7 ~O ~, \(% ~o 7~ \A) ~0 7 \ (0) 
(e28) () @ (eee) (oe) eer 
— + — = .O- 
R R wo? R R ( ) 
Where: 
C.-C 
( . R ") = the dimensionless effect of pressure on isochoric heat capacity. 
0 c (0) 
( f z = effect of pressure on the isochoric heat capacity for the simple fluid to be 
R calculated from equation (7E1.6-2). 
@ c (h) 
( ) = effect of pressure on the isochoric heat capacity for the heavy reference 
R fluid (n-octane) to be calculated from equation (7E1.6-2). 
@ = acentric factor of the gas for which the pressure effect on isochoric heat 
capacity is sought. 
wo” = acentric factor of the heavy reference fluid = 0.3978 
The dimensionless effect of pressure on the isochoric heat capacity of the simple fluid and of the 
heavy reference fluid are to be calculated from the following equation: 
~o ~ \@O 
C.=C 2(6,4+3b,/T.)  3¢ 
[ ¥ :) Se ee 5 ued 55 t OE (7E1.6-2) 
- iy, FY, 
Where: 
c 
E=—] B+i- (B+ 1 +h) exp Ce (7E1.6-3) 
27; Vv; \; 
~0 2 \@ 0 -~ (0) 
cy a Cc y Cy i Cy i e a . . 
. = R when the equation is applied to the simple fluid 
~O 7 yO) ~0 (A) 
Cy bi Cy vT\y 7 2 : : 
r = R when the equation is applied to the heavy reference fluid. 
T, = reduced temperature, 7/7. 
f. = critical temperature of the fluid for which the isochoric heat capacity is desired, 
in degrees Rankine. 
T = temperature, in degrees Rankine. 
V, = p, V/RT, is obtained from Procedure 6B 1.8. 
b>, b3, bg, C3, C4, ¥, and B are two sets of constants, one set for the simple fluid and another for the 
heavy reference fluid. The values of the constants are given in Procedure 6B1.8. 
The total isochoric heat capacity may be calculated from the following equation: 
ee (oe 
ae oO KX vy C\y : 
C, = C, tes R } (7E1.6-4) 
Where: 
C, = isochoric heat capacity of the real gas, in Btu per (lb) (deg R). c, is the analogous molar 
quantity. 
C = isobaric heat capacity of the ideal gas, in Btu per (lb) (deg R). After subtracting the R/M 
term, this quantity becomes ce the isochoric heat capacity of the ideal gas. 
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R = gas constant = 1.986 Btu per (ib-mole) (deg R). 
M = molecular weight, in lb per Ib-mole . 


The heat capacity ratio is calculated by combining the isobaric heat capacity from Procedure 7D3.6 
and the isochoric heat capacity from equation (7E1.6-4) as follows: 


K=G/G (7E1.6-5) 


Where: 
kK = heat capacity ratio. 
G = isobaric heat capacity, in Btu per (1b) (deg R). 
C, = isochoric heat capacity, in Btu per (Ib) (deg R). 


Procedure 


Step 1; Obtain the critical temperature, critical pressure, and the molecular weight from Chapter | 
and the acentric factor from Chapter 2. 
Step 2: Calculate the reduced temperature and reduced pressure at which the heat capacity ratio is 
desired. 
Step 3: Use Procedure 6B1.8 to obtain the value of V.=p,V/RT,, for the simple fluid. Retain 7, V, 
and the constants b>, b3, b4, c3, c4, y, and B for the simple fluid. 
~O x \ (9) 


: Cy > Cy 
Step 4: Use equation (7E1.6-2) to calculate 


} , the dimensionless effect of pressure on 


the isochoric heat capacity of the simple fluid. 


68 
Cc, -C 
Step 5: Repeat Steps 3 and 4 for the heavy reference fluid and, hence, obtain ( = s) _ the 


dimensionless effect of pressure on the isochoric heat capacity of the heavy reference fluid. 


Step 6: Use equation (7E1.6-1) to obtain (c° —C,)/®. 
Step 7: Use equation (7E1.6-4) to calculate the isochoric heat capacity. 
Step 8: Use Procedure 7D3.6 to calculate C,, the isobaric heat capacity. Hence, find the heat 


capacity ratio K, according to equation (7E1.6-5). 


COMMENTS ON PROCEDURE 7E1.6 


Purpose 


This procedure is presented to be used with a digital computer to calculate the heat capacity ratios 
of pure hydrocarbon gases. The results from Procedures 6B1.8 and 7D3.6 are also required in this 
procedure, which also involves the indirect use of Procedure 7A1.1. Equation 7E1.6-4 of this proce- 
dure can be used to calculate the isochoric heat capacity, rather than the heat capacity ratio, if this 
quantity alone is required. 


Limitations 

This procedure is mainly intended for use with hydrocarbons. Large errors might occur when used 
with polar gases. Reasonable results can be expected for nonpolar nonhydrocarbons. 
Reliability 


Errors between calculated and experimental heat capacity ratios rarely exceed 2 percent except in 
the critical region, where 10 percent errors should be expected and 50 percent errors can occur. The 
error of the method increases with increasing uncertainty in the pure component critical properties. 
The equations are recommended for reduced pressures up to 10. However, they may be used up to 
reduced pressures of 20 or more with only slight increase in error. 


Special Comments 


For saturated vapors, use both temperature and pressure as input (with the vapor pressure pre- 
dictions from Chapter 5, when necessary), and perform the calculations as if the point were in the 
homogeneous region. 


Literature Source 


Equations (7E1.6-1) through (7E1.6-4) were developed by Lee and Kesler, AIChE Journal 21 510 
(1975). 
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PROCEDURE 7E2.1 
HEAT CAPACITY RATIO OF HYDROCARBON GAS MIXTURES 


Discussion 


The tables and figures of Procedure 7E1.1 are to be applied to hydrocarbon mixtures by using the 
pseudocritical temperature and pressure to calculate reduced conditions instead of the true critical 
temperature and pressure. The pseudocritical properties, which are approximated as the molar 
averages of the component true critical properties, are given in Chapter 4 for mixtures of defined and 
undefined composition and blends of the two. The mixture acentric factor, which is defined as the 
molar average of the component acentric factors, may be estimated for undefined mixtures from 
Chapter 2. These approximations are summarized below: 


T,. = > «2, (7E2.1-1) 


The = pseudocritical temperature, in degrees Rankine. 
I, = critical temperature of component i, in degrees Rankine. 


n = number of components in the mixture. 
x, = mole fraction of component i. 
n 
Dine = Y XP, (7E2.1-2) 
i=} 
Where: 


Ppc = pseudocritical pressure, in psia. 
Pe, = critical pressure of component i, in psia. 


n 
o= > x;, (7E2.1-3) 
i=] 
Where: 
@ = mixture acentric factor. 
@; = acentric factor of component i. 


The results from these equations are used to calculate the reduced conditions so that Procedures 
7D3.1 and 7E1.1 may be used to calculate the effect of pressure on the mixture isobaric and isochoric 
heat capacities. To get the total isobaric and isochoric heat capacities, these pressure corrections are 
then combined with the ideal gas isobaric heat capacity of the mixture, which is defined as: 


n 
CS aC (7E2.1-4) 
i=] 

Where: 
G = ideal gas heat capacity, in Btu per (Ib) (deg F). The subscript / refers to component i in the 
n component mixture. 
Xy, = weight fraction of component i. 


Procedure 


Step 1: For mixtures of known composition, obtain the molecular weights, the critical pressures 
and temperatures, and the acentric factors for all of the components from Chapter 1. (For hydrogen, 
use J7.=75 R, p, = 305 psia, and @ = 0.) 

Step 2: Calculate the pseudocritical temperature and pressure using equations (7E2.1-1) and 
(7E2.1-2) and the mixture acentric factor using equation (7E2.1-3). [For blends of petroleum frac- 
tions with mixtures of known composition, obtain the pseudocritical conditions from Chapter 4 and 
the acentric factor for the petroleum fraction portion from Chapter 2. Complete the acentric factor 
calculation using equation (7E2.1-3).] 

Calculate the reduced temperature and pressure. 

Step 3: Calculate the isobaric ideal gas heat capacity of the mixture using equation (7E2.1-4). Input 
heat capacities for pure hydrocarbons are to be taken from Procedure 7A1.1. (For blends of hydro- 
carbons with petroleum fractions, obtain the ideal gas heat capacity of the petroleum fraction portion 
from Figure 7D4.2.) Calculate the molecular weight of the mixture (with input for the petroleum 
fraction portion, if present, from Chapter 2). 

Step 4: Calculate the effect of pressure on isobaric heat capacity using Steps 3 and 4 of Procedure 
7D3.1 and the total mixture isobaric heat capacity using Step 6 of the same procedure. 

Step 5: Calculate the effect of pressure on isochoric heat capacity using Steps 3 and 4 of Procedure 
7E1.1 and the total mixture isochoric heat capacity using Step 6 of the same procedure. 

Step 6: Calculate the heat capacity ratio, K = G,/C,, from the results of Steps 4 and 5. 
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COMMENTS ON PROCEDURE 7E2.1 


Purpose 


This procedure is to be used with Procedure 7E1.1 to estimate the heat capacity ratios of mixtures 
of hydrocarbons which may contain nonpolar nonhydrocarbon substances. Mixtures of known 
composition and blends of known compounds with petroleum fractions are treated. 


Limitations 


In general, the method is not applicable to mixtures containing polar components. 


Reliability 


Errors between calculated and experimental heat capacity ratios are estimated to average 2 percent 
except in the critical region, where 15-percent errors should be expected and errors of 100 percent 
can occur. The region of maximum uncertainty is the same as that indicated in Figure 7E1.4. 

The reliability of the modification for mixtures of undefined composition is unknown. 


Special Comments 


For hydrocarbon-hydrocarbon mixtures which do not contain methane, slightly better results are 
obtained in the immediate critical region using true rather than pseudocritical temperatures and pres- 
sures. This region is defined approximately by the following pseudoreduced condition boundaries: 
1.0 < 7. < 1.2 and 1.0 < p, < 3.0. True critical conditions are correlated in Chapter 4. Notice that the 
liquid phase can exist in this region even though the pseudoreduced temperature is greater than unity 
(see Introduction). 

For supercritical temperatures (7, > 1) and high pressures (p, > 5), the error can be reduced using 
the following mixture correspondence pressure instead of the pseudocritical pressure defined by 
equation (7E2. 1-2): 


=1 
Pac = (7E2.1-5) 


Where: 
Pmc = Mixture correspondence pressure, in pounds per square inch absolute. 
R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
Z4 = critical compressibility factor of component i (from Chapter 1). 
V,, = critical volume of component i (from Chapter 1) in cubic feet per pound. 


c 
M, = molecular weight of component i (from Chapter 1), in Ib per ]b-mole. 


é 


More reliable heat capacity ratios can be obtained under most temperature-pressure conditions 
using the mixture correspondence rules of Joffe (35), Stewart et al. (71), Leland and Mueller (44) or 
Lee and Kesler (42). However, the small advantage in accuracy does not justify the added labor 
involved in using these methods. 

For computer heat capacity calculations, Procedure 7E1.6 may be adapted to mixtures using the 
mixture correspondence point as described in Procedure 6B2.2 for gas densities. Mixtures of known 
composition, petroleum fractions, and blends of the two may be treated. The reliability for mixtures 
of known composition is approximately the same as quoted previously. For a petroleum fraction, 
obtain the necessary isobaric ideal gas heat capacity from Procedure 7D4.2. 


Literature Sources 


Equations (7E2.1-1) and (7E2.1-2) were given by Kay, Ind. Eng. Chem. 28 1014 (1936). Equation 
(7E2.1-4) was developed by Prausnitz and Gunn, AIChE Journal 4 430 (1958). 
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Example 
Estimate the heat capacity ratio for a 47.25 mole percent methane-52.75 mole percent propane 


mixture at 310 F and 1,500 psia. 
The following tabulation of critical properties, molecular weights and acentric factors was 


obtained from Chapter 1. Ideal gas heat capacities were obtained from Procedure 7A1.1. 


Critical Ideal Gas 
Pressure, Isobaric 
Pe Heat 
Critical (Pounds Capacity, 
Temperature, 7. per G. 
——— Square Acentric Molecular Weight [Btu Per 
Mole Degrees Degrees Inch Factor, Weight, Fraction, (Lb) 
Fraction Fahrenheit Rankine Absolute) () M Xy (Deg F)] 
Methane 0.4725 -116.6 343.1 667.8 0.0108 16.04 0.2457 0.628 
Propane 0.5275 206.0 665.7 616.3 0.1517 44.09 0.7543 0.533 
Molar Average — — 313.3 640.6 0.0851 30.84 _ —_— 
Weight Average — _— —_ —_ —_ — 1.0000 0.557 
. 3104+ 459.7 . 1,500 
The reduced temperature is 3133 = 1.50, and the reduced pressure is 6406 - 2.34, 


From Procedure 7D4.1, the isobaric heat capacity is 0.696 Btu per (Ib) (deg F). From Procedure 
7E1.1, 


~o ~ (0) ~O~ = 
cy r Cy Cy es Cc, 
R = —0.271 = -0.550 


ae 
€-C, 
= —0.271+ (0.0851) (0.550) = -0.318 


R 
1.987 
C,, = 0.557 - 30.84 [1+ (—0.318)] = 0.513 Btu per (Ib) (deg F). 
C. 
oy 0.696 = 1.36 
Cc, 0.513 
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7F 1.1 


PROCEDURE 7F1.1 
ENTROPY OF PURE HYDROCARBON REAL GASES 


Discussion 


The following equation is to be used to predict the effect of pressure on the entropy of pure 


hydrocarbons: 
-o - -9 ~\(0) =o = Ch) 
S25 Ss -S (s = 
oe SS ee = ] 7F1.1-1 
( z } ( i Ol, +Inp ( ) 


“0. 
Ss = , ‘ 
ps) = the dimensionless effect of pressure on entropy. 


=. (0) 
a) = effect of pressure on entropy for the simple fluid, which is tabulated as a function 
of TJ. and p,in Table 7F1.2 and plotted in Figures 7F1.4 and 7F1.5. 


~\(D 
( = ,) = correction term for molecular acentricity, which is tabulated as a function of T, 
R and p, in Table 7F1.3 and plotted in Figures 7F1.6 and 7F1.7. 
T, = reduced temperature, 7/T.. 
T = temperature, in degrees Rankine . 
T. = critical temperature, in degrees Rankine. 
P, = reduced pressure, p/p... 
= pressure, in psia. 
P- = Critical pressure, in psia. 
@ = acentric factor. 
In = the natural logarithm. 


The dimensionless pressure effect term is used in the following equation to determine the total 
entropy of the hydrocarbon: 


oh ve 
gs = 9-8 (=) (7F1.1-2) 


Where: 
S = total entropy, referred to the basis entropy of 1 Btw per (Ib) (deg R) for the ideal gas atO R 
and 1 atm, in Btu per (lb) (deg R). 5 is the analogous molar quantity. 
S® = ideal gas entropy, in Btu per (Ib) (deg R). 5° is the analogous molar quantity. 
R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molecular weight, in Ib per Ib-mole. 


Procedure 


Step 1: Obtain the molecular weight, critical temperature, critical pressure, and the acentric factor 
from Chapter 1. 
Step 2: Calculate the reduced temperature and pressure at which an entropy is desired. 


~0 ~ (0) ~0 (ht) 
Step 3: Obtain the correlation terms es) and eS) . If the most accurate values 
are desired, use Tables 7F1.2 and 7F1.3 with linear double interpolation in p, and 77. When near sat- 
uration, the interpolation procedure may not be satisfactory (see Special Comments). If slightly less 
accurate values are acceptable, they may be obtained rapidly from Figures 7F1.4 through 7F1.7. 
Step 4: Calculate the dimensionless pressure effect term using equation (7F1.1-1). 
Step 5: Obtain the ideal gas entropy from Procedure 7A1.1. 
Step 6: Calculate the total entropy using equation (7F1.1-2). 
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COMMENTS ON PROCEDURE 7F1.1 


Purpose 


This procedure is to be used to predict entropies of pure hydrocarbons in the liquid and real gas 
states. Tables 7F1.2 and 7F1.3 or Figures 7F1.4 through 7FI.5 are required in this procedure. The 
method is best suited to desk calculations, and Procedure 7F1.6 should be used with digital com- 
puters. Ideal gas entropies from Procedure 7A1.1 are required in either case. Mixture entropies are 
treated in Section 7F2. 


Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 


This procedure was not compared with experimental data, but is thermodynamically consistent 
with the (accurate) primary methods for compressibility factor, enthalpy, and fugacity. Accordingly, 
it should be quite reliable except in the critical region. This region of maximum uncertainty is 
indicated in Figures 7F1.4 through 7F1.6. The reliability of the method decreases with increasing 
uncertainties in the critical properties. 


Notation 


The notation used in Tables 7F1.2 and 7F1.3 and Figures 7F1.4 through 7F1.7 was defined for 
equations (7F1.1-1) and (7F1.1-2). 


Special Comments 


The broken line in Table 7F1.2 indicates the discontinuity between liquid (to the right and above) 
and vapor (to the left and below) entropies. Interpolations must not be made across this line; always 
use table values which apply to the desired phase only. The extrapolations which are necessary should 
be made with respect to reduced pressure at constant reduced temperature. 

For saturated vapors or liquid (i.e., at their vapor pressures), do not use the two-phase border 
outlined in Figure 7F1.4. This border applies only when the acentric factor is zero, and as acentricity 
increases, the reduced vapor pressure decreases at constant reduced temperature. The best procedure 
is to obtain the vapor pressure from Chapter 5 and proceed as if the phase were homogeneous. 

In regions of very rapid change of the simple fluid and correction terms with reduced pressure and/ 
or temperature, a linear interpolation from the tables may not be satisfactory even though the table 
values are spaced more closely. Here, the figures should be used either directly or as a guide for 
interpolation corrections to the results from the tables. 


~O =~» (9) 
The figures may be extrapolated to lower reduced pressures by noting e and 


-0 =\() 
ea approach zero as the pressure approaches | psia. In many engineering applications, 


these limiting values may be used in equation (7F1.1-1) for all reduced pressures between 0 and 0.2, 
but the In p term in equation (7F1.1-1) must be retained. If even more precise results than the extrap- 
olated values are desired (rarely), use the following equation: 


~0 
E = 2 = Inp—p, [- (0.330 — 0.46) 7, 7 (0.2770 + 1.00@) T,>— (0.0363 + 0.29m)T>* 


-0.00584m7-°] (7F1.1-3) 


Literature Sources 


Tables 7F1.2 and 7F1.3 were generated using the generalized correlation of Lee and Kesler, AIChE 
Journal 21 510 (1975). Figures 7F1.4 through 7F1.7 are direct plots of Tables 7F1.2 and 7F1.3. 
Equation (7F1.1-3) was developed by Pitzer and Curl, J. Am. Chem. Soc. 79 2369 (1957). 
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Example 


Calculate the entropy of 2-methylpropane at 475 F and 4,000 psia. 
From Chapter 1, M = 58.1, J. = 275.0 F, p. = 529.1 psia, and w = 0.1770. 


pba ae 1.272, and the reduced pressure is pal = 7.56. 


275.0 + 459.7 529.1 


The reduced temperature is 


=0 = (0) 
— S) from Table 7F1.2, interpolate first in reduced pressure. Figure 7F1.4 


To determine ( 


shows that both interpolations can be safely performed linearly: 


Sg oigy 7.56 — 6.00 
art.= 125, [ a . 


8.00 — 6.00 


1.694 + (1.669 — 1.694) ( = 1.675 


7.56 — 6.00 
8.00 — 6.00 


> 
2 
x 
ll 
a 
Ww 
S 
oo 
Cer 
[=) 
t 
Ne ee ie 
S 
ll 


1.578 + (1.576 — 1.578) [ = 1.576 


~~ 


(0) 
= . -1.2 
Combining these, (=) = 1.675 + (1.576 — 1.675) [ Le z 


1.30 — 1.25 )- ae 


-0 ~\Q) 
Similarly, using Table 7F1.3, é z 5) = 1.785 


The dimensionless pressure effect term is next calculated using equation (7F1.1-1): 


~0 
e =) = 1.631 + (0.1770) (1.785) + In 4,000 = 10.241 


The ideal gas entropy is obtained from Procedure 7A1.1 as 1.496 Btu per (1b) (deg R). By com- 
bining this with the dimensionless pressure effect term using equation (7FI.1-2), the desired entropy 
of the real gas is obtained: 

(1.986) (10.241) 
58.1 


= 1.146 Btu per (Ib) (deg R) 


S = 1.496 — = 1.496 — 0.350 


7F1.4 


1992 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


7-217 


Information Handling Services, 


2000 


API TDB CHAPTER*? xx BB 0732290 05366466 74T 


TABLE 7F1.2 


7F1.2 


EFFECT OF PRESSURE ON ENTROPY, SIMPLE FLUID TERM, CRY 


Reduced 


(Part of Procedure 7F 


1) 


Reduced Pressure 


5 
O6TT YL 3.556, 


080 


7.304 
6 869 
6 483 
6 132 
S5Rt6 


3531 
§273 
5036 
4.814 
4.600 


4388 
4 166 
3912 


0.580 ~U9T1 


Temperature 020 040 060 
0.30 8.635 7.961 7.574 
0.35 8.205 7.529 7.140 
040 7.821 7.144 6758 
045 7472 6,794 6 404 
050 7156 6.479 6.089 
055 6870 6193 5803 
060 6610 5933 § $44 
0.65 6368 5694 5306 
070 6.140 5467 5082 
0.75 S917 $.248 4.866 

baleen cites a 

080 0294} 5026 4649 
0.85 0239 4.785) 441k 
090 0.199" W46er! 44 
0.95 O 168 0377 

0.98 O53 0.337 

0,99 0 148 0326 0555 
100 0144 0315 0532 
101 0139 0304 «0.510 
1.02 0.135 0294 0491 
103 0.131 0285 0472 
1.04 0.128 0276 0.455 
1.05 0124 0 267 0439 
106 O12F 0259 0433 
1.07 O18 0.252 0409 
1.08 0.114 0.244 0396 
1.09 O11! 0237 0383 
110 0.108 0.230 0371 
Tl 0 106 0.224 0359 
1.42 0.103 0218 0.348 
1.13 0.100 0.212 0338 
1s 0.096 0.201 0319 
t.20 0.085 0177 0.277 
1.25 0.076 0 157 @ 244 
130 0068 0140 0217 
1.40 0.056 0.114 0.174 
150 0.046 0.094 0 143 
1.60 0039 «0079 D120 
1.70 0033 0067 0 102 
180 0.029 0058 0.088 
200 0.022 0.044 0.067 
2.50 0013 0026 0.038 
300 0008 0.017 0025 
350 0.006 0012 0017 
4.00 0.004 6.009 0.013 


1992 


0903 
O47 
0799 
0757 
0,720 


0 686 
0 656 
0 628 
0 603 
0579 


0557 
0.537 
O18 
0 500 
0.483 


0.452 
0389 
0338 
9298 
0237 


0194 
0 162 
0.137 
0.117 
OoR9 


OOS! 
0033 
0.023 
0.017 


0.021 
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120 


6935 
6497 
6.109 
5757 
5441 


5.157 
4.900 
4.665 
4.446 
4238 


4034 
3 825 
3599 
3 326 
3.106 


3.010 
2 893 
2 736 
2.495 
2 122 


(763 
1.523 
1 362 
1244 
1.151 


1076 
LQi2 
0957 
0 908 
0.865 


0.790 
0.651 
0 353 
0478 
0372 


0 299 
0.247 
0.208 
0177 
0 134 


0076 
0049 
0034 
0.025 


150 


6.740 
6.299 
5.909 


180 


6.584 
6141 
5.750 
35397 
5.080 


4.796 
4.541 
4.309 
4,095 
3 893 


3 698 
3.505 
3.304 
3 085 
2935 


2881 
2 824 
2.763 
2697 
2.627 


2 550 
2.467 
2376 
2.277 
2.173 


2 064 
1954 
1847 
{744 
1647 


1474 
1.149 
0935 
0785 
0589 


0 464 
0378 
0315 
0,267 
9.200 


OTE 
0072 
0050 
0037 
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7F1.3 
TARLE 7F1.3 
EFFECT OF PRESSURE ON ENTROPY, CORRECTION TERM, ‘Gi 5 
{Part of Procedure 7F 1.1) 
Reduced Pressure 
Reduced =~ - er a ee ee ee ao ae ee 
Temperature aR0 090 100 1tu 120 150 180 200 250 3 400 600 
030 16.744 16705 16665 16.626 16606 16586 16567 16547 16488 16.429 16390 16292 [6195 16.008 15.652 15.286 14.925 
0.35 $5387 15360 15333 15306 15.292 15279 15.265 15251 152%] 15.171 15.144 15.077 15011 14.880 14623 14.390 14.153 
0.40 13.972 13.953 13934 13.915 13905 13896 13886 13.877 13849 £3822 13803 13.758 13.714 13626 13.458 13297 13.144 
0.45 12.55 12537 12523 12.509 12.502 12496 12.489 12.482 12462 12443 12430 12398 12.966 12.306 12.192 12094 11.999 
0.50 11.592 1282 01.472 VETG2 TLESR TEISS FNA4B 14143 1L.129 11916 16.107 If 085 11063 41.023 10.949 10.890 10.836 
0.55 9942 9935 9928 9921 9917 9914 9910 9907 9897 9.888 9882 9867 9853 9828 9.786 9.756 9.732 
0.60 8823 8817 S8It 806 8803 8799 8.797 8794 8788 8781 R777 8.768 8760 8746 8.728 8.720 8.720 
0.65 7829 7.824 7.819 7815 7.813 7811 7809 7807 78OL 7.796 7794 %F789 7.784 7.780 778b 7.792 7.811 
0.70 6951 6945 694 6937 6935 6.933 6932 6930 6926 6923 6922 6920 6919 6922 6.939 6.967 7.002 
0.75 6173 6167 6162 6.158 6156 6155 6.153 6152 6149 6.147 6.147 6.147 6149 6.159 6192 6235 6.285 
080 031315475 5468 5462 5460 5488 5.457 5.455 5453 5452 5.452 5455 S461 5.479 5.527 5.585 5.648 
0.85 0408 {| 4.853, 4841 4832 4829 4826 4824 4822 4820 4820 4.822 4829 4.839 4.866 4932 5006 5.082 
0.90 0301 0744 (4 7g9 4249 4.243) 4238 4235) 4232 42300 4.233 4.236 4.250 4,267 4307 4.397 4.488 4.578 
0.95 0228 0.517 0.961 13-697, 3.672 3.658 3.651 3 647 3648 3659 3.669 3697 3728 3.790 3910 4.021 4.125 
0.98 0196 0429 0734 1.270 73337 %264 «3.248 3247) 3.268 3.298 3.318 3.366 3412 3.494 3.637? 3.762 3.875 
099 0.186 0.405 0680 1098 «15564 3093) 3071 3082 3126 3169 3.195 3254 3306 3397 3.549 3.679 3.795 
1.00 0.177 0382 0632 0977) 12424 2276 2.810 2868 2967 3032 3067 3.140 3200 3301 3.463 3.597 3.717 
1.01 0169 036f 0590 0.8839 1074 $1306 1.795 2513 2.783 2885 2933 3.023 3094 3205 3.377 3.517 3.640 
1.02 0.161 0.342 0552 0.807 0958 1.813 1.015 1.655 2.557 2.723 2790 2.904 2986 3.110 3.293 3.439 3.565 
1.03 0.153 0.324 @.518 0.744 0.868 0.989 1,017 0927 2.259 2.542 2636 2.781 2.878 3.016 3.211 3.362 3.491 
104 0.147 0,308 (0.488 0689) 0796) (0.895) 0944 084I «= «1868 «= 23340 2467) 2654 2767) 2.92k 9.129 3.286 3.419 
1.05 0140 0292 0460 0642 0.735 0820 0872 0.831 144% 2096 2.283) 2.522) 2655 2827 3.049 3212 3.348 
1.06 0.134 0278 0434 0600 0,682 0.757 0.808 0800 1100 1.831 2080 2.384 2.542 2.734 2969 3.138 3.279 
1.07 0.128 0265 6410 0562 0636 0.703 O751 0.760 O874 1561 1864 2241 2.426 2640 2891 3.067 3.211 
1.08 0122 0.252 0.189 0.528 0596 0656 0.701 O7TR 0.740 1381 1644 2,092 2308 2.546 2814 2.996 3.144 
1.09 0.117) 0240 0369 0498 0.559 0.614 0.657 0678 0.663 1101 1432 1.940 2188 2453 2738 2.926 3.078 
1.10 O12 0229 0350 0470 0527 0577 0.617 0640 0618 0.933 1241 1786 2067 2.360 2.662 2.858 3.013 
til 0108 O219 0333 0.445 0.497 0544 O58E 0605 0588 O803 1075 1633 1945 2.267 2.588 2.798 2.950 
1.12 0103 04209 0317 0421 0.470 0.513 0549 0572 0564 0705 0936 1.486 £823 2.174 2515 2.725 2.888 
113 0.099 0.200 «0.302 0.400 0445) 0.486) 0.519) «0542 0.542 0.632 R22 1.347.703 2.082) 2.443 2.660 92.827 
1.15 0091 O183) 0.275 0361 0.401! 0.437 0467 0489 0502 0535 0654 1100 1471 1900 230f 2534 2.708 
1.20 0.075 0.149 0220 0.286 «0.316 0.343) 0.366) 0.385) 0412) 0.417) 0447) 0.680) 0992) 1.473 8966 2.236 2.430 
1.25 0.062 0.122 0179 0231 0255 0.276 0294 0310 0.339 0348 0.357 0.464 0.674 1113 1.659 1963 2.175 
130 0.052 0.102 0148 0190 0.209 0.226 0241 ‘0.254 0282 0.294 0.300 O351 0481 O835 1.385 1.716 1.944 
1.40 0.037 0.072) (0.104 «0.133 0.146 «0.158 §=60.168 «0178 0200 6.213 0220 0.240 0290 0.488 0.951 1,295 1.544 
150 0027) 0053 0.076 0.097 0.106 O115 6.123 0130 0147 0.160 0166 0181 0.206 O315 0656 0973 1.222 
160 0.021 0040 006057 0073 0.080 0.086 0092 OO98 0.112 0.123 0129 U1d2 0.159 0224 0.467 0.736 0969 
1.70 0016 0031 0044 0056 0061 0067 0071 0.076 OOR8F 6.097 0102 O114 0.127 0.173 0347 0.566 0.775 
1.80 0.013) 0024 0035 0044 0.049 0.053 0057 0060 0070 0.078 0083 0094 0.105 0.140 0.269 0447 0628 
2.00 0.008 0.016 0023 0.029 0.032 0.035 0.038 0.040 0048 0054 6.058 6.067 0077 6.101 0.182 0301 0.434 
2.50 0004 0007 0010 06014 0.015 0.017 0.018 0.020 0024 0028 0.031 0.037 0.044 0060 0.103 0.161 0.230 
3.00 0.002 0.004 0006) §=66.008 «0.009 0010 8.011 )=— 0012 OOS (0.018 (0.020 0.026) 0.031 0044 0074) 0.113 0.158 
3.50 0.00L 0003 0004 0006 0.007 0007 0.008 0009 COL! 90.014 0.015 0.019 0024 0.034 0.059 0.088 0.122 
4.00 0.001 0.002 A.90% 0.005 0.005 0.006 6.006 0.007 0609 G.011 0012 0.016 0.020 0.028 0.049 0.073 0.100 
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7F1.7 
PROCEDURE 7F1.7 
ALTERNATE (COMPUTER) METHOD FOR THE ENTROPY OF PURE 
HYDROCARBON LIQUIDS AND REAL GASES 
Discussion 
The following generalized correlation, which was used to generate Tables 7F1.2 and 7F1.3, is rec- 
ommended for calculating the entropy of pure hydrocarbon liquids and gases by a digital computer. 
Three other procedures, those for density, fugacity, and enthalpy, are required to use this method. 
The results are combined using the following equation: 
-9 - -9 - 
i :) @ es i) f 
= iT = J+ 1 7F1.7-1 
( R RT J Lp a ( ) 
Where: 
s=8 
ey = the dimensionless effect of pressure on entropy. 
H-H 
( RT } = the dimensionless effect of pressure on enthalpy from Procedure 7B3.7. 
In (f/p) = the dimensionless fugacity term from Procedure 7G1.8. 
p = pressure in psia. 
The total entropy is found using the dimensionless pressure effect on entropy with the following 
equation: 
~~ 
RiS -S 
S = S°-= ea 7 
m\oR (7F1.7-2) 
Where: 
S = total entropy referred to the basis entropy of 1 Btu per (Ib) (deg R) for the ideal gas atO R and 
1 atm, in Btu per (Ib) (deg R). 5 is the analogous molar quantity. 
S° = ideal gas entropy, in Btu per (Ib) (deg R). 5 is the analogous molar quantity. 
R = gas constant = 1.986 Btu per (lb-mole) (deg R). 
M = molecular weight, in lb per lb-mole. 
Procedure 
Step 1; Use Procedure 6B1.8 to determine the compressibility factor of the simple fluid and the 
reference fluid at the desired reduced pressure and temperature conditions. Retain T, T,, p and p, from 
this procedure; obtain M from Chapter 1. 
Step 2: Obtain the term for dimensionless effect of pressure on enthalpy from Procedure 7B3.7. 
~ fe} ~ 
; ‘ : ._ | - 
Multiply this quantity by (7/7) to obtain RTS 
Step 3: Obtain the dimensionless fugacity term from equation (7G1.7-1). 
Step 4: Combine these terms according to equation (7F1.7-1). 
Step 5: Determine the ideal gas entropy with Procedure 7A1.1 using the equation rather than the 
tabular form of the procedure. 
Step 6: Calculate the total entropy using equation (7F1.7-2). 
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COMMENTS ON PROCEDURE 7F1.7 


Purpose 

This procedure is presented to be used with a digital computer to calculate entropies of pure 
hydrocarbon gases and liquids. The results from Procedures 6B 1.8, 7B3.7, and 7G1.7 are required 
directly in this procedure, which also involves the indirect use of Procedure 7A1.1. 
Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 

This procedure was not compared with experimental data, but is thermodynamically consistent 
with the accurate computer methods for compressibility factor, enthalpy, and fugacity. Accordingly, 
it should be quite reliable except in the critical region. 
Special Comments 


For saturated vapors, use both temperature and pressure as input (with the vapor pressure pre- 
dictions from Chapter 5, when necessary) and perform the calculations as if the point were in the 
homogeneous region. 


143322233 


1992 


Information Handling Services, 


2000 


1992 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API TDB CHAPTER*? ** MB 0732290 0536893 9ST Gy 


PROCEDURE 7F2.1 
ENTROPY OF DEFINED HYDROCARBON GAS MIXTURES 


Discussion 


The tables and figures of Procedure 7H1.1 are to be applied to hydrocarbon mixtures by using the 
pseudocritical temperature and pressure to calculate reduced conditions instead of the true critical 
temperature and pressure. The pseudocritical properties, which are approximated as the molar 
averages of the component true critical properties, are given in Chapter 4. The mixture acentric factor 
is defined as the molar average of the component acentric factors. These approximations are summa- 
rized below: 


n 
Ty. = ¥ 4,7. (7F2.1-1) 
z=1 
Where 
Tc = pseudocritical temperature, in degrees Rankine. 
T.; = critical temperature of component i, in degrees Rankine. 


number of components in the mixture. 
x; = mole fraction of component i. 


Dees Y %, Pp (7F2.1-2) 
=1 
Where: 
Pye = pseudocritical pressure, in psia. 
Pe = critical pressure of component J, in psia. 
n 
o= > X,Q, (7F2.1-3) 
i=1 
Where: 


@® = mixture acentric factor. 
@,; = acentric factor of component i. 


The results from these equations are used to calculate the reduced conditions so that Procedure 
7F1.1 may be used to calculate the effect of pressure on the mixture entropy. This pressure correction 
is then subtracted from the ideal gas entropy of the mixture, which is defined as: 


n .S 
S=y ls sik (x, In x) | (7F2.1-4) 
M 
5° = ideal gas entropy, in Btu per (lb) (deg R). The subscript i refers to component i in the n 


component mixture. 
Xy, = weight fraction of component i. 


_R = gas constant = 1.986 Btu per (Ib-mole) (deg R). 
M = molar average molecular weight of the mixture, in lb per lb-mole. 
= LM, 
t 
x, = mole fraction of component z. 


M, = molecular weight of component i, in lb per Ib-mole. 

Unlike enthalpy and heat capacity, the ideal gas entropy of the mixture includes a correction for 
mixing (the logarithmic term). 
Procedure 


Step I: For mixtures of known composition, obtain the molecular weights, the critical pressures 
and temperatures, and the acentric factors for all of the components from Chapter 1 (For hydrogen, 
use J. = 75 R, p, = 305 psia, and @ = 0.) 
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Step 2: Calculate the pseudocritical temperature and pressure using equations (7F2.1-1) and 
(7F2.1-2) and the mixture acentric factor using equation (7F2.1-3). 

Calculate the reduced temperature and pressure. 

Step 3: Calculate the ideal gas entropy of the mixture using equation (7F2. 1-4). Input entropies for 
pure hydrocarbons are to be taken from Procedure 7A 1.1. Calculate the average molecular weight of 
the mixture. 

Step 4: Calculate the effect of pressure on entropy using Steps 3 and 4 of Procedure 7F1.1 and the 
total mixture entropy using Step 6 of the same procedure. 


COMMENTS ON PROCEDURE 7F2.1 


Purpose 


This procedure is to be used with Procedure 7F1!.1 to estimate the entropy of mixtures of hydrocar- 
bons which may contain nonpolar nonhydrocarbon substances. Only mixtures of known composition 
can be treated. 


Limitations 


In general, the method is not applicable to mixtures containing polar components. 


Reliability 


This procedure was not evaluated against experimental data, but is thermodynamically consistent 
with the methods for compressibility factor, enthalpy, and heat capacity. Accordingly, it should be 
quite reliable except in the critical region. This region of maximum uncertainty is indicated in Figures 
7F1.4 through 7F1.6. 


Special Comments 


For hydrocarbon-hydrocarbon mixtures which do not contain methane, slightly better results are 
obtained in the immediate critical region using true rather than pseudocritical temperatures and pres- 
sures. This region is defined approximately by the following pseudoreduced condition boundaries: 
1.0<7,< 1.2 and 1.0<p, < 3.0. True critical conditions are correlated in Chapter 4. Notice that the 
liquid phase can exist in this region even though the pseudoreduced temperature is greater than unity 
(see Introduction). 

For supercritical temperatures (7, > 1) and high pressures (p, > 5), the error can be reduced using 
the following mixture correspondence pressure instead of the pseudocritical pressure defined by 
equation (7F2.1-2): 


RT. x Xi Sci 
=1 
Pane = (7F2.1-5) 
x x; Y, M; 


Where: 
Pme = Mixture correspondence pressure, in psia. 
R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
Zq = critical compressibility factor of component i (from Chapter 1). 
Vy, = critical volume of component i (from Chapter 1), in cubic feet per pound. 


(aa 
M; = molecular weight of component i (from Chapter 1). 


r 


More reliable entropies can be obtained under most temperature-pressure conditions using the 
mixture correspondence rules of Lee and Kesler (42), Joffe (35), Stewart, et al. (71), or Leland and 
Mueller (44). However, the small advantage in accuracy does not justify the added labor involved in 
using these methods. 

For computer entropy calculations, Procedure 7F1.7 may be adapted to mixtures using the mixture 
correspondence point as described in Procedure 6B2.2 for gas densities. 

Petroleum fractions cannot be treated using this procedure, because all compositions must be 
known to calculate the ideal entropy of mixing. 
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7F2.1 
Literature Sources 
Equations (7F2.1-1) and (7F2.1-2) were given by Kay, Ind. Eng. Chem. 28 1014 (1936). Equation 
(7F2.1-5) was developed by Prausnitz and Gunn, AIChE Journal 4 430 (1958). 
Example 
Estimate the entropy of a 47.25 mole percent methane-52.75 mole percent propane mixture at 
310 F and 1,500 psia. 
The following tabulation of critical properties, molecular weights, and acentric factors was 
obtained from Chapter 1. Ideal gas entropies at 1 psia were taken from Procedure 7A1.1. 
Critical 
Pressure, 
Pr Ideal Gas 
Critical (Pounds Entropy, 
Temperature, 7 per 5° 
co SCOSquare=— Acentric “Molecular Weight [Btu Per 
Mole Degrees Degrees Inch Factor, Weight, Fraction, (Lb) 
Fraction Fahrenheit Rankine Absolute) 0) M Xy (Deg R)] 
Methane 0.4725 -116.6 343.1 667.8 0.0108 16.04 0.2457 2.986 
Propane 0.5275 206.0 665.7 6163 O.1517 4409 0.7543 1.631 
Molar Average — —_— 513.3 640.6 0.0851 30.84 — —_— 
Weight Average — —_— — _— —_— —_ 1.0000 1.964 
310 + 459.7 00 
is ——.—— = 1.50, and is — = 2,34 
The reduced temperature is 3133 50, and the reduced pressure is 6406 2.3 
The ideal gas entropy of the mixture from equation (7F2.1-4) is: 
mi 1.986 1.986 
= 1. - —— (0. : — —— (0.527 : =.2) 
5 1.964 30.94 (0-4725) (In 0.4725 ) 30.84 (O° 5) Un 0.5275) = 2.008 
~0 = (0) ~O ~\() 
So 3) ( - 5 
oe = 0.611 = 0.17 
{ R R up 
58 
bss) = 0.611 + (0.0851) (0.176) +1n 1,500 = 7.939 
1.986 
5 = 2,008 - —— (7.939) = 1.497 Bw per (Ib) (deg R) 
30.84 
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PROCEDURE 7G1.1 
FUGACITY OF PURE HYDROCARBONS 


Discussion 


The following equation is to be used to predict the fugacity of pure hydrocarbons as a function of 


temperature and pressure: 


(0) qd) 
log! = ( logt } +o ieee } (G1.1-1) 
P P P 
Where: 
Ff = fugacity at T and p, in psia. 
T = temperature, in degrees Rankine. 
T, = reduced temperature, 7/T,. 
T. = critical temperature, in degrees Rankine. 
Pp = pressure in psia. 
p, = reduced pressure, p/p,. 
P. = critical pressure, in psia. 
(0) ; 
( log = fugacity of the simple fluid, which is tabulated as a function of 7, and p, in Table 
e 7G1.2 and plotted in Figures 7G1.4 and 7G1.5. 
f (1) 
( log — } = correction term for molecular acentricity, which is tabulated as a function of 7, and 
P p, in Table 7G1.3 and plotted in Figures 7G1.6 and 7G1.7. 
@® = acentric factor. 
Procedure 


Step 1: Obtain the critical temperature, critical pressure, and the acentric factor from Chapter 1. 
Step 2: Calculate the reduced temperature and pressure at which the fugacity is desired. 


(0) (1) 
Step 3: Obtain the correlation terms { jog } and ( log! . [If the most accurate values 
P P 
are desired, use Tables 7G1.2 and 7G1.3 with linear double interpolation in p, and 7. When near satu- 


ration, the interpolation procedure may not be satisfactory (see Special Comments). If slightly less 

accurate values are acceptable, they may be obtained rapidly from Figures 7G1.4 through 7G1.7. 
Step 4: Calculate the log of the fugacity coefficient using equation (7G1.1-1). After the anti- 

logarithm has been taken, this value is to be multiplied by the pressure to obtain the desired fugacity. 


COMMENTS ON PROCEDURE 7G1.1 


Purpose 


This procedure is to be used to predict fugacities of pure hydrocarbons in the liquid and real gas 
states. Tables 7G1.2 and 7G1.3 or Figures 7G1.4 through 7G1.7 are required in this procedure. The 
method is best suited to desk calculations. Procedure 7G1.8 should be used with digital computers. 


Limitations 


In general, this procedure is not accurate for polar substances. 


Reliability 

This procedure was not compared with experimental data, but is thermodynamically consistent 
with the (accurate) primary methods for compressibility factor, enthalpy, and heat capacity. Accord- 
ingly, it should be quite reliable except in the critical region. The reliability of the method decreases 
with increasing uncertainty in the pure component critical properties. 
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7G1.1 
Notation 

The notation used in Tables 7G1.2 and 7G1.3 and Figures 7G1.4 through 7G1.7 were defined for 
equation (7G1.1-1). 
Special Comments 

The broken lines in Tables 7G1.2 and 7G1.3 indicate the discontinuity (in slope) between liquid 
(to the right and above) and vapor (to the left and below) fugacities. Interpolations must not be made 
across these lines; always use table values which apply to the desired phase only. The extrapolations 
which are necessary should be made with respect to reduced pressure at constant reduced 
temperature. 

In regions of very rapid change of the simple fluid and correction terms with reduced pressure and/ 
or temperature, a linear interpolation from the tables may not be satisfactory even though the table 
values are spaced more closely. Here, the figures should be used either directly or as a guide for 
interpolation corrections to the results from the tables. 

The figures may be extrapolated to lower reduced pressures by noting that (log fipy and 
(log fp)? approach zero as the pressure approaches zero. In many engineering applications, 
these limiting values may be used for all reduced pressures between 0 and 0.2. 

Literature Sources 

Tables 7G1.2 and 7G1.3 were prepared by Lee and Kesler, AIChE Journal, 21 510 (1975). Figures 
7G1.4 through 7G1.7 are direct plots of Tables 7G1.2 and 7G1.3. 
Example 

Calculate the fugacity of 2-methylpropane at 370 F and 4,000 psia. 

From Chapter 1, 7, = 275.0 F, p, = 529.1 psia, and w = 0.1756. The reduced temperature is 
370 + 459.7 4 
eae = 1.13 and the reduced pressure is sad = 7.56. 

7 (0) 
To determine ( log— from Table 7G1.2, interpolate first in reduced pressure. Figure 7G1.4 
Pp 
shows that neither interpolation can be safely performed linearly; therefore, the values must be taken 
from Figure 7G1.4. 
F (9) 
At 7, = 1.10, f log } = -0.493 
P 
f (0) 
At T, = 1.15, ( log = } = -0.435 
p 
Combining these, 
(0) 
f 1.13 — 1.10 
log—- = — 0.493 + (— 0.435 + 0.493) | —_——__ 
( °F OO) is =410 
(0) 
( log? } = ~ 0.458. 
P 
f () 
Simitarty, { tox! } = 0.033 
Pp 
The dimensionless fugacity coefficient term is next calculated using equation (7G1.1-1): 
bee = —0.458 + (0.1756) (0.033) = —0.452 
Pp 

The fugacity coefficient is antilog (0.548 — 1.0) = 0.353, and the fugacity is (0.353) (4000) 
= 1412 psia. 

An experimental fugacity is 1425 psia. 
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7G1.8 
PROCEDURE 7G1.8 
COMPUTER METHOD FOR FUGACITY OF PURE HYDROCARBONS 
Discussion 
The following generalized correlation, which was used to generate Tables 7G1.2 and 7G1.3 is rec- 
ommended for calculating the fugacity of pure hydrocarbons with a digital computer. The equation is: 
(9) ie (h) (0) 
ra) 
(mZ)= (m4) + GH -(m 2) | (7G1.8-1) 
P P oa) LP P 
Where: 
f = fugacity of pure hydrocarbon, psia. 
Pp = pressure, psia. 
f (0) 
( In = = simple fluid fugacity coefficient function, to be calculated from equation 
i (7G1.8-2). 
f (A) 
( In = } = heavy reference fluid (n-octane) fugacity coefficient function, to be calculated 
P from equation (7G1.8-2). 
@ = acentric factor of compound for which fugacity is desired. 
w” = acentric factor of heavy reference fluid = 0.3978. 
(0) g (h) 
The fugacity coefficient functions, ( In = } and ( In = may be calculated from the 
P p 
following equation: 
f ie (2) @,, BC D 
Ge =z °-1-In [z tet et ae he 
P ¥. 2V? 5¥: (7G1.8-2) 
Where: 
B = b, ~bo/T, — b/T? -byT?. 
C = ¢)-cT,+0,/T?. 
D = d, + d,/T,. 
Cc 
Bae B+1- (pri+y) exp (2) : 
Ty Y vy; 
f (i) x (0) 
( In = } = ( In = when applied to the simple fluid. 
Pp 
f () f (A) 
( In = } = f In = } when applied to the heavy reference fluid. 
Pp P 
2 = compressibility factor of either simple fluid (2) or heavy reference fluid (2), 
depending on which fugacity function is being calculated. Both are obtained 
from Procedure 6B1.8. 
T. = reduced temperature, 7/T.. 
T = temperature in degrees Rankine. 
T, = critical temperature in degrees Rankine. 
V, = reduced volume = , obtained from Procedure 6B1.8. 
c 
bj, bo, bz bg, Cy, C2,.€3 C4, dy, do, yand B are two sets of constants, one for the simple fluid and the 
other for the heavy reference fluid, given in Procedure 6B 1.8. 
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7G1.8 

Procedure 

Step |: Obtain critical temperature, critical pressure, and acentric factor for the desired compound 
from Chapter 1. 

Step 2: Calculate the reduced temperature and pressure. 

Step 3: Use Procedure 6B1.8 to calculate compressibility factors 2 and 2” and the reduced 
volume of the simple and heavy fluids. 

f (0) 
Step 4: Calculate [ In > from equation (7G1.8-2). 
P 
f (A) 

Step 5: Repeat Step 4 for heavy reference fluid to calculate ( In = } : 

Step 6: Use equation (7G1.8-1) to calculate ( In ; } 

Step 7: Calculate the fugacity by multiplying the antilogarithm of ( In f } by the pressure. 

P 
COMMENTS ON PROCEDURE 7G1.8 

Purpose 

This procedure is presented as an alternate to Procedure 7G1.1 for use with a digital computer to 
calculate fugacities of pure hydrocarbon liquids and real gases. The results from Procedure 6B 1.8 are 
required directly in this procedure. 
Limitations 

This procedure was not compared with experimental data, but is thermodynamically consistent 
with the (accurate) computer methods for compressibility factor, enthalpy and heat capacity. Accord- 
ingly, it should be quite reliable except in the critical region. The reliability of the method decreases 
with increasing uncertainty in the critical properties. 
Literature Sources 
The fugacity coefficient functions and the constants for both simple fiuid and heavy reference fluid 
terms were taken from Lee and Kesler, AIChE Journal, 21 510 (1975). 
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PROCEDURE 7H1.1 


7H1.1 


HEAT EFFECTS IN REACTING SYSTEMS 


Discussion 


The enthalpy basis used in this book does not include heat of formation allowances, so an additional 
step must be added when estimating enthalpies for systems which undergo chemical reaction. This pro- 
cedure illustrates the calculations which are required to estimate the enthalpy changes associated with 
the conversion of one homogeneous vapor or liquid mixture to another when the reactant and product 
mixtures are not necessarily at the same pressure and temperature conditions. 

The figure below shows the various steps in the calculation. The enthalpy change involved in taking 
the elements from the standard state at 77 F to the reactants at 7| and P,, will be the sum of Steps A, B, 
and C. This is shown on the left side of the figure. Similarly, the right side shows the steps for taking the 
elements from their standard states at 77 F, to the products at 7, and P>. This will be a sum of Steps A’, 


B’ and C’. 


ELEMENTS AT 77 F, 


STANDARD STATE [A] 


ae ( AH*, 77 — a7); 


Sor a 


= DAH, 0.i 


= Dan", 0,j 


PRODUCTS IN 
IDEAL GAS 
STATE, DATA 
BOOK BASIS* 


REACTANTS IN PRODUCTS IN 
IDEAL GAS IDEAL GAS 
STATE, 77 F STATE, 77 F 


2% an ~ H); 2 ( Bee ony 
t 


PRODUCTS 
AT T>, IN 
IDEAL GAS 
STATE 


REACTANTS 
AT Ty, IN 
IDEAL GAS 
STATE 


AHr 


DESIRED HEAT 
OF REACTION = PRODUCTS 


AT T>, P 


REACTANTS 
AT T,, P; 


Sum of steps around 
any closed loop 


*Data Book basis is H = 0 for the ideal gas at O R. 


1992 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


7-241 


143322333 


Information Handling Services, 


2000 


7H1.1 


7-242 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 


API TDB CHAPTER*? ** MM 0732290 O53b907 2T4 we 


The heat effects in reacting systems are calculated by algebraically summing the enthalpy changes 
associated with each of the steps indicated by a solid line in the figure. 

Steps B and B’ involve application of Procedure 7A1.1 to obtain the temperature effect for the ideal 
gas enthalpy. Steps C and C’ use Procedure 7B4.1 to obtain the pressure effect. In order to complete 
the loop, one has to evaluate the sum of Steps A and A’, which gives the heat of reaction of the ideal 
gas mixture based on | pound of reacting mixture. This is evaluated by the following equation: 


AH? = LAW AAs 0,; - DXw AM 0,1 (7H1.1-1) 
i i 


AH? = heat of reaction of the ideal gas mixture based on 1 lb of reacting mixture, in Btu per 
pound. 
j = component in the product stream. 
Xy, = weight fraction of the component. 


AH, 9 = heat of formation of the component in the Data Book basis state from the elements 
in their standard states at 77 F, in Btu per pound. 
i = component in the reactant stream. 
Procedure 


Step 1: Calculate the total enthalpy of the product and reactant streams using Procedures 7A1.1 and 
7B4.1. For the reactants, this is the sum of Steps B and C, and for the products, Steps B’ and C’. 

Step 2: Obtain the basis state heat of formation of each substance from Table 7H1.2 and calculate 
the heat of reaction of the ideal gas, using equation (7H1.1-1). 

Step 3: Calculate the total enthalpy change of reaction, AH,, which is the algebraic sum of the heat 


effects around the solid path in the above figure, i.e., 
AH. = — AHgo+ AH, + Age. 


A negative enthalpy change, AH, indicates that an exothermic chemical reaction has taken place. 


COMMENTS ON PROCEDURE 7H1.1 


Purpose 


This procedure, which includes Table 7H1.2, is to be used to estimate the heat effects accompany- 
ing a chemical reaction. Procedures 7A1.1 and 7B4.1 are involved. 


Limitations 


As written, the procedure is limited to homogeneous phases of both reactant and product streams 
and to mixtures of defined composition. 


Reliability 


The overall reliability of the method depends on the errors introduced through the use of Procedure 
7B4.1 and on the nature of the reaction. If the reaction is such that small differences between large 
heats of formation are obtained from equation (7H1.1-1), the results will be less precise. The overall 
reliability should be estimated from the constituent steps at the conditions of interest. The individual 
heats of formation are accurate to within approximately 1 percent. 


Special Comments 


The heat effects for reacting systems, as shown in the preceding figure, are calculated by algebra- 
ically summing the enthalpy changes around any closed loop, shown by the solid lines. The dotted 
lines represent an alternate route in which the intermediate stage involves the ideal gas at 77 F rather 
than at the Data Book basis. The two routes give identical results provided the appropriate equations 
(as shown in the figure) are used for calculating the enthalpy changes. The standard heat of formation 
is defined as the enthalpy of a compound at 77 F relative to its elements at 77 F. Values of the standard 
heat of formation for components not listed in Table 7H1.2 are available from the tables of API 
Research Project 44 or other standard reference compilations. The Data Book basis heat of formation 
is defined as the enthalpy of a compound at 0 R and the ideal gas relative to the elements at 77 F. 
Thus, if a standard heat of formation is available, a Data Book base heat of formation may be 
calculated by the following equation: 


AH 9 = AH, 97 -AH’ yy 
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as 


= heat of formation in the basis state. 


677 = Standard heat of formation (77 F) . 


Procedure 7A1.1, 


This procedure can be used for both the hydrocarbons and nonhydrocarbons listed in Section 7A1 
(or mixtures of the two groups) despite the two different enthalpy bases. The Data Book basis state 
cancels in the combined Steps A+ B. 

As written, the procedure is not sufficiently general to cover all reactive situations. However, 
suitable modifications should be apparent from the illustration. 


Example 


77 = ideal gas enthalpy at 77 F relative to the ideal gas enthalpy of H = 0 at 0 R as given by 


Estimate the total enthalpy change (per pound of reactants) which accompanies the reaction 
described in the following tabulation. Compositions are given in mole percent. 


Reactants 

Ethene os s-setniee Saciats ealiieest ata dis 
Benzene oes ev ashe ev bie a8 pares bet oe 
Methylbenzene ................ sche 
Ethylbenzene.................-. 9.70 
1,2-Dimethylbenzene ........... 42.60 
1,3-Dimethylbenzene ........... 46.70 
1,4-Dimethylbenzene ........... 1.00 

Temperature, deg F.......... 900 

Pressure, psia.............. 200 


920 
190 


In the following tabulation, critical constants, molecular weights, and acentric factors were 
obtained from Chapter 1, ideal gas enthalpies from Procedure 7A1.1, and heats of formation from 


Table 7H1.2: 


Ethylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 
1,4-Dimethylbenzene 
Molar average 
Weight average 


Ethene 
Benzene 
Methylbenzene 
Ethylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 
1,4-Dimethylbenzene 
Molar average 
Weight average 


Mole 
Fraction 


0.097 
0.426 
0.467 
0.010 


0.025 
0.005 
0.036 
0.091 
0.312 
0.445 
0.089 


Critical 
Temperature Critical 
q 
reefer —O Factor, 
DegF DegR _  (psia) (0) 
Reactants 
651.2 1,110.9 574 0.3011 
675.0 1,134.7 541 0.3136 
651.0 1,110.7 514 0.3311 
649.6 1,109.3 509 0.3243 
.-. 1,120.9 526 0.3182 
Products 
48.6 508.3. 730 0.0852 
552.2 1,011.9 710 0.2108 
605.6 1,065.3 596 0.2641 
651.2 1,110.9 524 0.3036 
675.0 1,134.7 541 0.3127 
651.0 1,110.7 514 0.3260 
649.6 1,109.3 509 0.3259 


1,104.2 534 0.3110 
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Pressure Acentric Molecular Weight 


Ideal 
Gas 
Enthalpy 
H? 
(Btu 


Weight, Fraction per 


M 


Xy 
0.097 
0.426 
0.467 
0.010 


1.000 
0.007 
0.004 
0.032 
0.093 
0.319 


0.455 
0.091 


1.000 
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Ib) 


479.57 
489.55 
470.32 
472.35 


479.43 
621.77 
445.17 
468.93 
491.96 
492.74 


482.46 
484.56 


487.17 


Basis 
State 


7H1.4 
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The enthalpies of the products and reactants are calculated using Procedure 7B4.1: 


~ . (0) qd) 


~0 ~O = ~O =~ 
Reduced Reduced {4 —4 ness HTH) 10 4H H 
Temperature Pressure RT, RT, RT. 


Cc 
Reactants 1.21 0.380 0.285 0.14 0.328 6.875* 479.43 472.564 
Products 1.25 0.356 0.249 0.11 0.283 5.965¢ 487.17 481.218 


As indicated in the preceding tabulation, AH, ¢ = 468.69, and AHp’-’ = 481.98. Using equation 
(7H1.1-1), 


AHS = ~2.63 — (-13.85) = 11.22 Btu per pound. 
The total enthalpy change is: 
AH, = —472.56 + 11.22 + 481.21 = 19.87 Btu per pound. 
* AHo. 
+ Ac’. 
$ ARR. 
§ Afp’c’. 
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TABLE 7H1.2 


HEATS OF FORMATION 


(PART OF PROCEDURE 7H1.1) 


Compound Name 


OXYGEN 

HYDROGEN 

WATER 

NITROGEN DIOXIDE 
NITRIC OXIDE 
NITROUS OXIDE 
AMMONIA 

CHLORINE 
HYDROGEN CHLORIDE 
HYDROGEN FLUORIDE 
HYDROGEN SULFIDE 
NITROGEN 
CARBON(GRAPHITE) 
CARBON MONOXIDE 
CARBON DIOXIDE 
SULFUR DIOXIDE 
METHANE 

ETHANE 

PROPANE 

n-BUTANE 
2-METHYLPROPANE 
n-PENTANE 
2-METHYLBUTANE 
2,2-DIMETHYLPROPANE 
n-HEXANE 
2-METHYLPENTANE 
3-METHYLPENTANE 
2,2-DIMETHYLBUTANE 
n-HEPTANE 
2-METHYLHEXANE 
3-METHYLHEXANE 
2,4-DIMETHYLPENTANE 
n-OCTANE 
2-METHYLHEPTANE 
2,2-DIMETHYLHEXANE 
2,2,4-TRIMETHYLPENTANE 
n-NONANE 

n-DECANE 
n-UNDECANE 
n-DODECANE 
n-TRIDECANE 
n-TETRADECANE 
n-PENTADECANE 
n-HEXADECANE 
n-HEPTADECANE 


Heat of 
Formation 
at 77 F 


Data Book enthalpy datum basis (H = 0 for the ideal gas at 0 R). 
AHy o = AHy 77 — H37: 


Reaction 


Elements (standard state 77 F) - Compound (Ideal gas, 77 F) 


Compound (Ideal gas, 77 F) — Compound (Data Book basis state) 


Elements (standard gas, 77 F) - Compound (Data Book basis state) 


Table entries are in Btu per pound. 


*Enthalpy change associated with the conversion of the elements at 77 F to the compound in the 


7H1.2 
Enthalpy Heat of 
at 77 F Formation 
at basis state* 
116.63 -116.63 
1805.65 —1805.65 
236.25 6005.59 
131.80 178.28 
60.65 1233.35 
55.72 746.57 
101.84 -1261.84 
184.74 ~184.74 
125.61 -1215.61 
133.03 6007.61 
95.87 -356.37 
131.77 -131.77 
37.74 —37.74 
133.11 —1829.61 
91.43 —3935.71 
71.05 —2065.05 
268.55 —2265.92 
170.14 —1369.02 
144.05 -1164.66 
142.59 ~1072.01 
133.02 -1131.56 
144.06 —1018.28 
131.08 -1046.94 
138.06 -1139.56 
143.05 ~975.90 
131.34 —1002.81 
129.96 —988.31 
125.37 —-1046.68 
142.53 —947.66 
132.58 -968.04 
130.36 —951.28 
125.62 -990.90 
142.08 ~928.02 
127.49 —938.01 
133.38 -978.71 
121.11 -964.22 
141.30 —-908.44 
141.69 -895.70 
141.50 884.57 
141,34 —875.28 
142.00 —868.24 
141.10 860.68 
141.00 854.81 
140,92 —851.32 
140,84 —845.15 
Enthalpy Change 
AH; 77 
-~ Hy 
AH yp 77 — 1°57 
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TABLE 7H1.2 (Continued) 


Compound Name 


n-OCTADECANE 

n-NONADECANE 

n-EICOSANE 

CYCLOPENTANE 
METHYLCYCLOPENTANE 
ETHYLCYCLOPENTANE 
1,1-DIMETHYLCYCLOPENTANE 
cis-1,2-DIMETHYLCYCLOPENTANE 
trans-1,2-DIMETHYLCYCLOPENTANE 
cis-1,3-DIMETHYLCYCLOPENTANE 
trans-1,3-DIMETHYLCYCLOPENTANE 
n-PROPYLCYCLOPENTANE 
n-BUTYLCYCLOPENTANE 
n-PENTYLCYCLOPENTANE 
n-HEXYLCYCLOPENTANE 
n-HEPTYLCYCLOPENTANE 
n-OCTYLCYCLOPENTANE 
n-NONYLCYCLOPENTANE 
n-DECYLCYCLOPENTANE 
n-UNDECYLCYCLOPENTANE 
n-DODECYLCYCLOPENTANE 
n-TRIDECYLCYCLOPENTANE 
n-TETRADECYLCYCLOPENTANE 
n-PENTADECYLCYCLOPENTANE 


" n HEXADECYLCYCLOPENTANE 


CYCLOHEXANE 
METHYLCYCLOHEXANE 
ETHYLCYCLOHEXANE 
cis-1,2-DIMETHYLCYCLOHEXANE 
trans-1,2-DIMETHYLCYCLOHEXANE 
cis-1,3-DIMETHYLCYCLOHEXANE 
trans-1,3-DIMETHYLCYCLOHEXANE 
cis-1,4-DIMETHYLCYCLOHEXANE 
trans-1,4-DIMETHYLC YCLOHEXANE 
n-PROPYLCYCLOHEXANE 
n-BUTYLCYCLOHEXANE 
n-PENTYLCYCLOHEXANE 
n-HEXYLCYCLOHEXANE 
n-HEPTYLCYCLOHEXANE 
n-OCTYLCYCLOHEXANE 
n-NONYLCYCLOHEXANE 
n-DECYLCYCLOHEXANE 
n-UNDECYLCYCLOHEXANE 
n-DODECYLCYCLOHEXANE 
n-TRIDECYLCYCLOHEXANE 


Heat of 
Formation 
at 77 F 


—700.34 
696.78 
693.59 
473.49 
—545.03 
-556.37 
605.46 
—567.17 
—598.50 
594.84 
584.94 
—567.32 
573.10 
—579.00 
—583.71 
—387.77 
591.08 
594.01 
~596.58 
—598.72 
600.68 
602.38 
603.94 
605.35 
608.14 
629.02 
677.64 
658.06 
659.66 
689.64 
-707.91 
—676.49 
676.81 
—707.27 
658.31 
653.37 
651.44 
649.76 
648.40 
647.14 
646.17 
645.28 
644.43 
643.77 
643.09 


Data Book enthalpy datum basis (H = 0 for the ideal gas at 0 R). 
AH; 9 = Ay 77 — HP 77: 


Reaction 


Elements (standard state 77 F) + Compound (Ideal gas, 77 F) 


Compound (deal gas, 77 F) + Compound (Data Book basis state) 


Elements (standard gas, 77 F) Compound (Data Book basis state) 


Table entries are in Btu per pound. 
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Enthalpy 
at 77 F 


140.77 
140.71 
140.66 

92.29 
102.01 
106.16 
101.91 
102.87 
103.37 
103.54 
103.37 
108.80 
110.86 
112.51 
113.87 
114.99 
115.92 
116.74 
117.45 
118.07 
118.61 
119.09 
119.52 
119.91 
120,27 

90.56 

95.88 

97.79 

96.42 

97.76 

97.26 


Heat of 
Formation 
at basis state* 


841.11 
—837.49 
~834.25 
565.78 
—647.04 
~662.53 
-707.37 
670.04 
~701.87 
—698.38 
688.31 
676.12 
683.96 
691.51 
—697.58 
-702.76 
—-707.00 
-710.75 
-714.03 
-716.79 
~719.29 
-721.47 
-723.46 
—-725.26 
—728.41 
-719.58 
-773.52 
-755.85 
—756.08 
-787.40 
805.17 
—773.81 
—774.13 
—804.73 
—-756.68 
-754.62 
-755.08 
—-755.34 
-755.69 
-755.60 
—-756.12 
—756.29 
-756.38 
-756.56 
-756.65 


*Enthalpy change associated with the conversion of the elements at 77 F to the compound in the 
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TABLE 7H1.2 (Continued) 


Compound Name 


134 
135 


n-TETRADECYLCYCLOHEXANE 
n-HEXADECYLCYCLOHEXANE 
ETHENE 

PROPENE 

1-BUTENE 

cis-2-BUTENE 

trans-2-BUTENE 
2-METHYLPROPENE 
1-PENTENE 

1-HEXENE 
2,3-DIMETHYL-2-BUTENE 
1-HEPTENE 

1-OCTENE 

1-NONENE 

1-DECENE 

1-UNDECENE 

1-DODECENE 

1-TRIDECENE 

1-TETRADECENE 
1-PENTADECENE 
1-HEXADECENE 
1-HEPTADECENE 
1-OCTADECENE 
1-NONADECENE 

1-EICOSENE 

CYCLOPENTENE 
CYCLOHEXENE 

PROPADIENE 

1,2-BUTADIENE 
1,3-BUTADIENE 
2-METHYL-1,3-BUTADIENE 
ETHYNE (ACETYLENE) 
PROPYNE 

1-BUTYNE 

BENZENE 

METHYLBENZENE 
ETHYLBENZENE 
1,2-DIMETHYLBENZENE (0-XYLENE) 
1,3-DIMETHYLBENZENE (m-XYLENE) 
1,4-DIMETHYLBENZENE (p-X YLENE) 
n-PROPYLBENZENE 
1,2,3-TRIMETHYLBENZENE 
1,2,4-TRIMETHYLBENZENE 
1,3,5-TRIMETHYLBENZENE 
n-BUTYLBENZENE 


Heat of 
Formation 
at 77 F 


642.54 
643.21 
801.35 
201.37 
0.96 
~53.54 
-85.60 
—129.52 
—128.25 
—212.88 
-340.05 
—272.78 
—317.73 
—352.52 
—380.48 
403.36 
422.35 
438.48 
—452.13 
464.32 
474.73 
483.91 
492.16 
—500.14 
—506.09 
207.37 
—28.03 
2055.53 
1297.90 
876.71 
477.94 
3743.63 
1980.16 
1312.93 
456.46 
234.10 
120.64 
76.92 
70.14 
73.01 
28.26 
—33.98 
49.36 
-56.87 
42.09 


*Enthalpy change associated with the conversion of the elements at 77 F to the compound in the 
Data Book enthalpy datum basis (H = 0 for the ideal gas at 0 R). 
AHy 9 = Ay 97 — HP 77: 


Reaction 


Elements (standard state 77 F) -- Compound (Ideal gas, 77 F) 


Compound (Ideal gas, 77 F) - Compound (Data Book basis state) 


Elements (standard gas, 77 F) - Compound (Data Book basis state) 


Table entries are in Btu per pound. 
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7H1.2 
Enthalpy Heat of 
at 77 F Formation 
at basis state* 
114.28 —756.82 
115.40 -758.61 
161.23 640.11 
138.42 62.94 
131.45 —130.49 
128.74 —182.28 
134.35 219.95 
130.39 —259.91 
132.77 —261.02 
132.96 —345.84 
121.71 —461.76 
134.82 407.60 
135.43 ~453.16 
135.88 488.40 
136.26 ~516.74 
136.57 —539.93 
136.83 —559.18 
137.00 -575.48 
137.18 —589.31 
137.35 601.67 
137.49 612,22 
137.61 621.52 
137.79 629.95 
137.83 637.97 
137.91 644.00 
91.41 115.95 
91.27 —119.30 
135.53 1919.99 
128.20 1169.69 
120.43 756.27 
117.51 360.42 
165.31 3578.31 
139.92 1840.23 
126.68 1186.24 
78.34 378.11 
84.77 149.32 
90.39 30.24 
89.54 12.62 
94.67 ~24,53 
89.10 —16.09 
96.33 68.07 
94.63 —128.61 
95.92 —145.28 
94.75 -151.62 
101.56 -143.65 
Enthalpy Change 
Ap 77 
— HG, 
AH 77 — 77 
7-247 
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TABLE 7H1.2 (Continued) 


Compound Name 


179 
180 


m-CYMENE 

o-CYMENE 

p-CYMENE 
n-PENTYLBENZENE 
n-HEX YLBENZENE 
n-HEPTYLBENZENE 
n-OCTYLBENZENE 
STYRENE 
alpha-METHYLSTYRENE 
cis-B-METHYLSTYRENE 
trans-B-METHYLSTYRENE 
cis-DECALIN 
trans-DECALIN 
TETRALIN 

INDAN 

INDENE 

BIPHENYL 
NAPHTHALENE 
1-METHYLNAPHTHALENE 
2-METHYLNAPHTHALENE 
ANTHRACENE 
PHENANTHRENE 
PYRENE 

CHRYSENE 
TRIPHENYLENE 
PERYLENE 
ACENAPHTHENE 
FLUORENE 
DIBENZANTHRACENE 
NAPHTHACENE 
ACENAPHTHYLENE 
METHANOL 

ETHANOL 

n-PROPANOL 
i-PROPANOL 
n-BUTANOL 
sec-BUTANOL 
tert-BUTANOL 

PHENOL 

METHYL ETHYL KETONE 
ETHYL METHYL ETHER 
DIETHYL ETHER 


METHYL TERTIARY BUTYL ETHER 
TERTIARY AMYL METHYL ETHER 


DITSOPROPYL ETHER 


Heat of 
Formation 
at77F 


~92.08 
72.73 
—88.99 
98.31 
—144.66 
—183.63 
—217.08 
608.90 
410.70 
418.92 
418.92 
—526.80 
—567.10 
86.53 
220.99 
604.90 
508.20 
505.60 
355.80 
351.30 
555.01 
500.10 
458.90 
495.07 
508.58 
547.04 
432.10 
484.03 
552.03 
533.86 
733.28 
~2695.00 
—2190.00 
~1836.00 
-1951.00 
-1595.00 
—1702.70 
~1816.50 
440.80 
—1423.00 
—1550.50 
—1463.98 
-1333.45 
~1323.81 
—1363.75 


Enthalpy 
at 77 F 


95.00 
98.98 
95.62 
105.06 
108.03 
110.55 
112.68 
86.07 
91.78 
91.78 
90.29 
79.72 
80.52 
78.51 
77.42 
74.03 
74.59 
69.48 
76.29 


Heat of 
Formation 
at basis state* 


—187.08 
-171.71 
—184.61 
—203.37 
252.69 
294.18 
—329.76 

522.82 


~1482.46 
-1513.62 


*Enthalpy change associated with the conversion of the elements at 77 F to the compound in the 
Data Book enthalpy datum basis (H = 0 for the ideal gas at 0 R). 
AH; 9 = Ay 77 — A977: 


Reaction 


Elements (standard state 77 F) - Compound (Ideal gas, 77 F) 


Compound (Ideal gas, 77 F) -- Compound (Data Book basis state) 


Elements (standard gas, 77 F) - Compound (Data Book basis state) 


Table entries are in Btu per pound. 
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Based on an extensive evaluation of available new data and correlations, the Technical 
Data Book—Petroleum Refining project staff in the Department of Chemical Engineering at 
The Pennsylvania State University has revised and expanded Chapter 8. A broad data bank 
of vapor-liquid equilibrium data, checked for thermodynamic consistency, has been main- 
tained for testing correlations. Graphical procedures remain with no changes. The Soave 
equation of state has been revised to provide the best analytical procedure for equilibrium 
predictions. Detailed results of the evaluations are given in Documentation Report No. 8-93 
available from University Microfilms, Ann Arbor, Michigan. 

Work on this Chapter was carried out by M. J. Thorwart and the project director, Thomas 
E. Daubert. The chapter advisory subcommittee members for the Committee on Technical 
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CHAPTER 8 
VAPOR-LIQUID EQUILIBRIUM K-VALUES 


8-0 INTRODUCTION 


Vapor-liquid equilibrium relationships are conveniently 
defined in terms of the distribution coefficient, K; = y,/x;. If the 
components form an ideal solution in the liquid phase and if 
the saturated vapors of the individual components are perfect 
gases, the system may be considered an ideal system. Under 
these conditions, Raoult’s and Dalton’s laws apply and: 


iL Pe 
Kates (8-0.1) 


i 


K; = vapor-liquid equilibrium constant for component i 
at the given temperature and pressure. 


= mole fraction of component i in the vapor. 
x; = mole fraction of component i in the liquid. 
pj = vapor pressure of component i. 
P = total pressure of the system. 


x 
! 


This relationship is valid only for ideal systems, but it may 
be used as a reasonably good approximation for systems of 
close-boiling homologs at low pressures (less than approxi- 
mately 30 psia) where the vapors of the individual compo- 
nents do not deviate appreciably from perfect gas behavior. 

The relationship given as equation (8-0.1) does not hold at 
elevated pressures or for mixtures that do not obey Raoult’s 
law. Further, it cannot be used if the temperature is above the 
critical point of any of the components. The concept of 
fugacity was introduced as a more convenient and more gen- 
erally useful function for equilibrium calculations. The ideal 
K-value was defined as: 


(8-0.2) 


Where: 
ff = fugacity of component i in the pure liquid state at 
stated system temperature and pressure. 


ra = fugacity of component i in the pure vapor state at 
stated system temperature and pressure. 


The fugacities are obtainable from one of a number of 
generalized fugacity charts or equations such as given in 
Chapter 7. The ideal K-values for each component are a 
function of temperature and pressure only. 
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Although the ideal K-value is a good approximation for 
many real physical situations, it is unsatisfactory for high 
pressures, low temperatures, and where the mixtures are 
increasingly complex. Particularly important is the effect of 
mixture composition on the K-value at higher pressures. Two 
approaches have been used to incorporate the effect of com- 
position into the calculation of equilibrium data: further 
development of the fugacity relationships and the introduc- 
tion of a third parameter, the convergence pressure. The cor- 
relations given in this chapter are based on both approaches. 


Analytical Fugacity Methods 


When vapor and liquid phases are in equilibrium, the 
fugacity of each component in the liquid phase is equal to its 
fugacity in the vapor phase, fl =f’: 


t 


The gas phase fugacity is defined by: 


Fr = OF yp (8-0.3) 


Where: 
$} = gas phase fugacity coefficient. 


The liquid phase fugacity may be written in two equiva- 
lent forms: 


L L L 
ie = ¥;,4;,P = o; XP (8-0.4) 
Where: 
yf = activity coefficient of component i in the liquid 
mixture. 
L 
v= e = fugacity coefficient of component i as a pure 
liquid. 


o; = fugacity coefficient of component i in the liquid 
mixture. 


The K-value relationships are: 
(8-0.5) 


When a liquid phase model such as the Chao Seader 
(2) regular solution equation is used, the liquid fugacity is 
calculated from the expression containing the activity 
coefficient. 
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CRITICAL LOCUS 
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PRESSURE, psia 


TEMCRTURE, F 


Figure 8-0.1—Convergence Pressure in the Binary 
System Ethane-n-Heptane (14) 


If an equation of state is being used such as the Soave 
equation, the liquid phase fugacity is calculated from the liq- 
uid phase fugacity coefficient. In both cases, an equation of 
state is used to compute the gas phase fugacity coefficient. 

The latter type of correlation is recommended in this chap- 
ter for hydrocarbon and certain nonhydrocarbon computer 
calculations. (The activity coefficient approach is used for 
correcting K-values for solvent effects.) The fugacity coeffi- 
cient of a component in any phase, a, is given rigorously by 
the expression: 


RT 
In o - Sar), (2 a _- Bev InZ 


To find an equilibrium point by this procedure requires a 
trial-and-error procedure since the volume is a function of 
composition. Hence, the composition must be known to start 
the calculational sequence. The Soave method (29), Proce- 
dure 8D1.1 in this chapter, gives a more than adequate rep- 
resentation of phase equilibrium of hydrocarbon and 
nonhydrocarbon containing mixtures over a wide range of 
conditions. The procedure is simple computationally and is, 
therefore, very fast. 

The phase behavior of undefined mixtures can be predict- 
ed by a similar procedure. Procedures 8D1.5 and 8D1.6 of 
this chapter provide a means to determine the equilibrium 
behavior of undefined mixtures and mixtures of both defined 
and undefined components, respectively. 

Close-Boiling Systems: Vapor-liquid equilibria for 
systems of close-boiling compounds (i.e., ethane-ethylene, 
propane-propylene, etc.) can be determined in the same fash- 
ion as any other hydrocarbon mixture. In general, an inter- 
action parameter is required to more accurately model the 
phase behavior (relative volatility) of these binary pairs. 
Several systems of this type were examined using Procedure 
8D1.1 and adequate predictions were obtained. 

Oxygenated Compounds: Oxygenated compounds 
(alcohols, ethers, etc.) can be modelled using Procedure 


PRESSURE, psia 


TEMPERATURE , F K 


Figure 8-0.2—Convergence Pressure in the Ternary 
System Methane-Propane-n-Pentane (14) 


8D1.1 although errors are excessive for systems that have 
more than 20 percent by weight of the oxygen containing 
compound in the liquid phase. Binary interaction parameters 
obtained from experimental data must be used to obtain 
satisfactory predictions. Interaction parameters for some 
binary systems are listed in Table 8D1.4. 


Graphical Methods 


An alternate composition correlating parameter is conver- 
gence pressure, and a number of K-value correlations are 
based on this. Among these are the NGPA (8), Winn (37), 
Cajander et al. (1), and Hadden and Grayson (14) methods. 

Convergence Pressure: The convergence pressure of 
a hydrocarbon system is the pressure at which the vapor- 
liquid K-values of all the components of a system appear to 
converge at K = 1 at the system temperature. This occurs at 
the critical conditions since at this point the liquid and vapor 
phases become identical. The concept is illustrated for a 
binary system in Figure 8-0.1, where the left portion is the 
conventional pressure-temperature phase diagram similar to 
that discussed in Chapter 4 and the right portion is a corre- 
sponding pressure~K-value diagram for a constant tempera- 
ture. The phase boundaries are defined in the left diagram by 
the vapor pressure lines of the pure components and the crit- 
ical locus of their binary mixtures. In the right-hand diagram, 
the pressure—K-value relationships for the two components 
at a given temperature meet at the K = | line (i.e., the conver- 
gence pressure). The line for the higher boiling component 
also crosses the K = 1 line at its vapor pressure. 

Provided the system lies between the critical temperature 
of the binary components, the convergence pressure depends 
on the temperature only and can be determined from the 
experimental critical locus data for the system. For mullti- 
component systems, however, the liquid-phase composition 
as well as the temperature must be considered. Convergence 
pressures for these systems can be obtained by treating the 
mixtures as a fictitious binary (8, 14, 17, 22). In the ternary 
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system of methane-propane-n-pentane, for example, the pro- 
pane-n-pentane pair may be assumed to be the higher boiling 
component of a fictitious binary with methane the other com- 
ponent. For the ternary system in which the ratio of propane 
to n-pentane remains constant (1.5 moles per mole), the 
K-values are shown in Figure 8-0.2. Also shown are the crit- 
ical locus data for each binary of the system. The transfer of 
convergence pressure from the pressure—K-value graph to 
the pressure-temperature graph defines a new critical locus 
shown as a dashed line in the figure. It is important to note 
from phase rule considerations, as confirmed in Figure 8-0.2, 
that the convergence pressure is a function of the tempera- 
ture and of the liquid-phase composition exclusive of the 
lightest component concentration. 

Kesler et al. (17) developed the method of estimating 
convergence pressures of more complex multicomponent 
mixtures which is outlined in detail in the procedures of this 
chapter. 

Hydrocarbon System Equilibrium Data: Vapor- 
liquid K-values of hydrocarbon mixtures may be estimated 
from the nomographs of Procedure 8A1.1. The convergence 
pressure parameter necessary in the calculation may be esti- 
mated by the methods and from the graphs provided as part 
of the procedure. 

In the fractionation of narrow-boiling mixtures, the accu- 
racy of the K-values becomes increasingly important, and 
values obtained by the generalized correlation given as Pro- 
cedure 8A1.1 are usually not suitable. This is particularly 
true for fractionations of essentially binary systems such as 
ethane-ethene, propane-propene, n-butane-isobutane, ethane- 
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propane, propane-butane, etc. Experimental data specific to 
the system should be used in preference, and the reader is 
referred to the extensive bibliographies of the literature (3, 4, 
5, 9, 16, 23, 25, 26, 27, 33, 34). The procedure is also not 
suitable for mixtures which may form azeotropes. 

Hydrocarbon-Hydrogen Equilibrium Data: The 
K-values for systems of hydrocarbons and hydrogen can be 
obtained from Procedure 8B1.1. The hydrogen K-values are 
obtained from a chart on which the system temperature and 
pressure and the MABP of the hydrogen-free liquid are 
parameters. The hydrocarbon K-values are obtained from the 
charts of Procedure 8A1.1 and corrected for the presence of 
hydrogen. The method is applicable to pressures up to 4500 
psia and temperatures from —260 F to 800 F. 

Hydrocarbon-Nonhydrocarbon Gas Equilibrium 
Data: For systems containing a hydrocarbon and a non- 
hydrocarbon gas other than hydrogen, Procedure 8C1.1 
should be used. The method is limited to certain specific non- 
hydrocarbons and in some instances to the experimental data 
from which it was developed. In no case should it be used for 
system pressures above 1000 psia. 

When experimental data are available, they should be 
used in preference to the generalized correlations when the 
highest degree of accuracy is required. Comprehensive bib- 
liographies of the literature are available (9, 33, 34). Also, 
the Gas Processors Association Research Report (5), RR 
64C, contains a large data set of tested experimental data. 
Finally, the documentation report for this chapter referred to 
in the preface contains a complete listing of all references 
used in evaluating the analytical procedures in this chapter. 
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VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR HYDROCARBON SYSTEMS 


Discussion 


Vapor-liquid K-values for hydrocarbon mixtures are estimated from nomographs having a tem- 
perature-pressure grid, logarithmic K-value scale, and component scale. To use the nomographs, a 
pressure-temperature point for the temperature-pressure grid must first be determined. This pivot 
point is a function of the operating pressure and temperature and of a composition parameter, the con- 
vergence pressure, p.,. Detailed procedures for calculating and applying this parameter are provided 
in this section. 

The K-values are calculated by one of several paths, depending on the properties of the system and 
on the operating conditions. The methods of calculation also vary with what is known and what infor- 
mation is desired (e.g., bubble-point, dew-point, and equilibrium flash conditions) for the system. 

Starting with a known or estimated liquid-phase composition and known or assumed values for the 
operating temperature, Zpp, and operating pressure, Pop the calculation is made according to the meth- 
od illustrated in the following diagram and steps. The final calculations are to be made using one of 
subsidiary Procedures 8A1.1A through 8A1.1C. Most of the systems encountered can be calculated 
with Procedure 8A1.1A or 8A1.1B, requiring only an approximate convergence pressure. 


Procedure 


If hydrogen is present in significant amount, proceed to 8B. If other nonhydrocarbons are present, 
proceed to 8C. 

Step 1: If Ty, < Ty, set Poy = Pp; Proceed directly to Procedure 8A1.1B. 

Step 2: Obtain an estimate for the convergence pressure of the mixture based on a light component 
and the average heavy component. Assume the light component to be the lightest material present 
exclusive of hydrogen in the liquid phase in an amount greater than 0.1 percent. Also assume the 
average heavy component to be the average of the smallest and the largest carbon number in the 
remainder, excluding the heaviest components which together total less than two percent in the liquid. 
Locate the light and average heavy components on Figures 8A1.3 through 8A1.13 and obtain an 
estimate of p,,. If the remainder is a complex petroleum mixture, Figure 8A1.2 may be used. 

Step 3: Proceed to Figure 8A.1.14. Check whether the desired equilibrium condition is in Area A, 
B, or C and go to the proper procedure (8A1.1A, 8A1.1B, or 8A1.1C). 


8A1.1 
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8A1.1 
PROCEDURE 8A1.1 (Continued) 
PROCEDURE DIAGRAM FOR K-VALUE CALCULATIONS 
NOMENCLATURE 
KNOWN OB ESTIMATED Qop = operating temperature, in degrees 
COMPOSITION AND amaaenies 
op T,; = true critical temperature of lightest 
component, in degrees Fahrenheit. 
T,, = tre critical temperature of aver- 
age heavy component, in degrees 
YES Fahrenheit. 
IS Top < Toi? Poy = Convergence pressure, in pounds 
per square inch absolute. 
Pov = Pel Pj = true critical pressure of lightest 
Mae NO component, in pounds per square 
inch absolute. 
QUICK EST. OF Pop = Operating pressure, in pounds per 
Pov square inch absolute. 
FIGURES 8A1.2 TO 8A1.13 Pg = grid pressure, in pounds per square 
inch absolute. 
WITH KNOWN OR 
ASSUMED Pop, USE AREA 
CHART, FIGURE 8A1.14 
AREA B AREA A AREA C 
PROC. 8A1.1B PROC. 8A1.1A PROC. 8A1.1C 
Pg FROM 
FIG. 8A1.15 
CONNECT (Top, Pop) USE (Top, Pop) FOR USE DETAILED 
TO K= 1.pg ON THIS PIVOT POINT ON CALC. PROC. 
LINE IS PIVOT ON K-NOMOGRAPHS FOR Pov 
K-NOMOGRAPHS 
SEE NOTE SEE NOTE 
SEE NOTE 
DESIRED K-VALUES 
Note: Figures 8A1.16 and 8A1.17 are for identifiable hydrocarbons having normal boiling points less 
that 210 F. For higher boiling pure hydrocarbons and for petroleum fractions characterized by a TBP 
curve, Figure 8A1.18 is used. 
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COMMENTS ON PROCEDURE 8A1.1 


Purpose 


This procedure is to be used to estimate hydrocarbon vapor-liquid equilibrium K-values. For 
hydrogen, Procedure 8B1.1 is to be used, and for other nonhydrocarbon gases, Procedure 8C1.1 
is given. 

Because of the large number of calculational routes used to estimate K-values, the remainder of this 
procedure is subdivided into four separate supplementary procedures (8A1.1A through 8A1.1C), each 
of which applies to a different mode of calculation. Figures 8A1.2 through 8A1.18 also are included 
in this procedure. 


Limitations 


The correlation is limited to hydrocarbon mixtures of known composition and to petroleum frac- 
tions at temperatures from —260 F to 800 F and at pressures up to 5000 psia. Do not use this procedure 
for binary mixtures of close-boiling hydrocarbons or for mixtures which may form azeotropes. 


Reliability 


The K-values determined by this procedure exhibit an average error of seven percent for light non- 
methane containing mixtures of paraffins, olefins, and naphthenes based on Figures 8A1.16 and 
8A1.17. For mixtures containing methane, the average error is 15 percent. For aromatic systems, 
Figures 8A1.16 and 8A1.17 can be expected to yield K-values with an average error of 14 percent. 
For heavy hydrocarbon mixtures, Figure 841.18 predicts K-values for all components within 15 
percent. 


Notation 


The notation used is defined in the nomenclature of the procedure diagram forK-value calculations. 

Figure 8A1.3 gives an overview of critical loci of hydrocarbon systems. Dashed lines on Figures 
8A1.4 and 8A1.5 indicate limited or estimated data as reported by the researcher. Dashed lines on 
Figures 8A1.6 through 8A1.13 are estimated data using Chapter 4 methods. 

The paraffin hydrocarbons shown in Figures 8A1.3 through 8A1.13 are designated as C, to Cy, 
where the subscripts indicate the number of carbon atoms. 2-methy] paraffins are designated by 
i—C,. Other branch compounds are denoted by name. Olefins are designated as Cy for ethene, 
C3= for propene, and 1 - C,= for 1-butene. 


Special Comment 


Enlarged copies of Figures 8A1.16, 8A1.17, and 8A1.18 are provided in the back of the binder. 

Critical loci of methane hydrocarbon systems where the hydrocarbon contains six or more carbons 
are not Type 1 (see Chapter 4). These systems tend to form multiple liquid and solid phases at 
temperatures in the proximity of the methane critical temperatures and are classified as Type II and 
IJ. Such abnormal behavior can be expected when the freezing point of the heavy component is close 
to the critical temperature of the light component. 


Description of Areas in Figure 8A1.14 


The K-nomographs (Figures 8A 1.16 through 8A 1.18) are based on a convergence pressure of 5000 
psia; at other convergence pressures, they require, in general, a correction due to effects of composi- 
tion. Figure 8A1.14 is an approximate guide to the use of Procedures 8A1.1A, B, and C in applying 
the correction at corresponding regions of operating and convergence pressures. 

Briefly, conditions denoted by Area A require no further correction to the K-values. The region is 
characterized by high convergence pressures and relatively low operating pressures; at higher 
operating pressures, the convergence pressures are near 5000 psia. An example of such conditions 
is methane-n-decane at 100 F and 500 psia. 

Area C pertains to operating pressures exceeding two-tenths of the convergence pressure. The 
K-values are most sensitive to convergence pressure in this region, particularly as the Bp/y ratio 
increases. A special procedure is recommended for accurate calculation of P., in this region. 

Examples of Area B mixtures would be (1) a mixture of Cy and Cs hydrocarbons at 100 F and (2) 
a naturally occurring gas mixture of C through C, hydrocarbons at pressures up to about 500 psi. 


Literature Sources 


The procedure is from Hadden and Grayson, Hydrocarbon Process. Petrol. Refiner 40[9} 207 (1961). 
It is supplemented by material from the Engineering Data Book, Mobil Corporation, New York. 
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8A1.1 
Figure 8A1.18 was developed by Kesler (18). 
Procedure 8A1.1C was adapted from Kesler et al. (17). 
Examples 
A. Estimate the convergence pressure at an operating temperature of 100 F of a mixture having a 
boiling range equivalent to that for methane (C,) to decane (Cjq): 
Light component: C, (methane) 
c +Cio 
Average heavy component: =a ae Ce 
From Figure 8A1.4 the convergence pressure is 2900 psi. 
B. Determine which convergence pressure graph should be used for a mixture having a boiling range 
equivalent to that from propane (C3) to nonane (Co): 
Light component: C; (propane) 
C,+C, 
Average heavy component: = Cg, (use C7) 
Figure 8A1.7 would be used for the convergence pressure. 
C. Determine which convergence pressure graph should be used for each of the following mixtures, 
A and B: 
Component Mole Fraction* 
rc. (> oF A 
Number 
of Carbon Mixture A Mixture B 
Atoms Name Reflux Drum Liquid Reboiler Bottoms 
- Hydrogen 0.0009 Negligible 0.17x 1077 
1 Methane 0.018 Light component 0.67 107 a 
2 Ethane 0.051 0.43 x 1075 | Negligible 
3 Propane 0.080 0.61 x 104 
4 Butane 0.274 Average heavy 0.009 Light component 
5 Pentane 0.363 component 0.049 
6 Hexane 0.168 0.130 
7 Heptane 0.045 Y 0.186 Average heavy 
8F “228° 0.21 x 10 0.188 component 
oF “27574 0.16 x 1076 Negligible 0.103 
10¢ “3254 0.32 x 10-22 0.083 
lf “3757 0.17 x 10-83 0.252 
Total 1,000 + 1000 + 
Average heavy component Average heavy component 
C,+C C,+C 
20 ET 5 1 
a 5 = C,, (use Cs) ar aa a Cy 
Figure 8A1.4 would apply. Figure 8A1.8 would apply. 
* From typical computer tray-to-tray results. 
+ Approximate. 
+ Mid-boiling point of a fraction having a 50 F boiling range. 
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PROCEDURE 8A1.1A 


VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR HYDROCARBON SYSTEMS IN AREAA 


Discussion 


Procedure 8A1.1 is to be used for all preliminary calculations toward estimating K-values for 
hydrocarbons. If the estimated convergence pressure and operating pressure conditions are such that 
the point with these coordinates falls in Area A of Figure 8A1.14, the following steps are to be 
followed to complete the estimation of the K-values. 


Procedure 


Step 1: For identifiable hydrocarbons having normal boiling points below 210 F, locate the point 
on the temperature-pressure grid of Figure 8A1.16 or 8A1.17 corresponding to the Operating temper- 
ature and pressure. For identifiable hydrocarbons having normal boiling points above 210 F and for 
petroleum fractions characterized by a true boiling point (TBP) curve, locate the point on the temper- 
ature-pressure grid of Figure 8A1.18. 

Step 2: Lay the hairline of a nomograph reader through this point and through the component point 
(or through the boiling point of the component, if the component is not shown on the scale). 

Step 3: Read the desired K-value at the point of intersection of the hairline with the K-scale. When 
using the low-temperature nomograph (Figure 8A1.16) for methane in light hydrocarbons, multiply 
the methane nomograph K-value by the correction indicated on the inserted chart. 
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COMMENTS ON PROCEDURE 8A1.1A 


Purpose 


This procedure is to be used to complete the estimation of vapor-liquid equilibrium K-values for 
hydrocarbons when the operating conditions are such that the point falls in Area A of Figure 8A1.14. 
The preliminary calculations are performed using Procedure 8A1.1, which is the master procedure for 
estimating hydrocarbon K-values under any conditions. 


Special Comment 


For Limitations, Reliability, Notation, and Literature Sources, see Comments on Procedure 8A1.1. 


Examples 


A. What is the K-value for methane in an unstabilized gasoline at 100 F and 200 psia? 

From curve D, Figure 8A1.2, for stabilizer the convergence pressure is approximately 3000 psia. 
In Figure 8A1.14, the combination of operating and convergence pressure falls in Area A. Hence, read 
K directly in Figure 8A1.17 for the operating temperature and pressure. The resulting K-value is 14.7 
using the C7 to C;> component point for methane (see example figure). 


B. What is the K-value at 100 F and 200 psia for a component of the gasoline in Example A having 
a boiling point of 190 F? 

As determined in Example A, the operating conditions are in Area A so the K-value can be read 
directly in Figure 8A1.17. The result is 0.0188 (see example figure). 


C. What is the K-value at 500 F and 100 psia for n-decane in a Mid-Continent crude oil containing 
the naturally occurring methane and all other heavier components? 

From curve M, Figure 8A1.2, the convergence pressure is approximately 7000 psia at 500 F, so the 
point for the operating and convergence pressure falls in Area A in Figure 8A1.14. From Chapter 1, 
the boiling point of n-decane is 345.5 F. Since the boiling point of n-decane is higher than 210 F, the 
X-value for n-decane is read from Figure 8A1.18, K = 0.80. 


D. What is the X-value for the 700 F mid-boiling-point fraction with the other circumstances the 
same as in Example C? 
From Figure 8A1.18, for a component of 700 F boiling point, K = 0.009. 
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PROCEDURE 8A1.1B 


VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR HYDROCARBON SYSTEMS IN AREA B 


Discussion 


Procedure 8A1.1 is to be used for all preliminary calculations toward estimating K-values for 
hydrocarbons. If the estimated convergence pressure and the operating pressure conditions are such 
that the point with these coordinates falls in Area B of Figure 8A1.14, or if the operating temperature 
is less than or equal to the critical temperature of the light component, the following steps are to be 
followed to complete the estimation of K-values. 


Procedure 


Step 1: Determine the grid pressure from Figure 8A1.15 for the estimated convergence pressure 
and operating pressure. 

Step 2: Locate the point on the temperature-pressure grid (Figures 8A1.16 to 8A1.18) correspond- 
ing to the temperature and pressure of operation. 

Step 3: Connect the temperature and pressure point to the K = 1.0 point. 

Step 4. Spot the point on this line where it is crossed by the pressure equal to the grid pressure. 

Step 5: Lay the hairline of a nomograph reader through this grid point and the component point. 

Step 6: Read the K-value at the point of intersection of the hairline with the K-scale. 


COMMENTS ON PROCEDURE 8A1.1B 


Purpose 


This procedure is to be used to complete the estimation of vapor-liquid equilibrium K-values for 
hydrocarbons when the operating conditions are such that the point falls in Area B of Figure 8A1.14 
and under certain other conditions outlined under Discussion. The preliminary calculations are 
performed using Procedure 8A1.1, which is the master procedure for estimating hydrocarbon 
K-values under any conditions. 


Special Comment 


For Limitations, Reliability, Notation, and Literature Sources, see Comments on Procedure 8A 1.1. 


Examples 


A. What is the K-value at 400 F and 100 psia for n-butane in a depropanized 400 F end-point 
gasoline system? 

The estimated convergence pressure is 680 psia from Figure 8A1.2, curve A. The combination of 
operating and convergence pressure falls in Area B in Figure 8A1.14. Hence, the grid pressure 
correction is required before reading the K-value. In Figure 8A1.15, a grid pressure of 117 psiais read 
as the ordinate for the given operating and convergence pressures. 

Locate the operating pressure and temperature in 
Figure 8A1.17, and connect this point to the K = 1.00 
point. Spot the point on this line corresponding to the 
grid pressure. Connect this grid pressure point with 
the point on the nomograph component scale, and read 
the K-value for n-butane as 5.75 (see example figure). 


B. Compute the reboiler temperature of a gasoline 
stabilizer operating at 165 psia. The composition of 
the liquid in the reboiler is shown in the following 
tabulation. Assume that the gasoline has properties 
similar to those used in making Figure 8A1.2. 

For the first trial, assume the reboiler temperature 
is 350 F. The estimated convergence pressure is 940 
psia (from the propane-gasoline critical locus of 
Figure 8A1.2, curve B). This system falls into Area B 
of Figure 8A1.14. Therefore, a grid correction is 
required. From Figure 8A1.15, the grid pressure is 190 
psia. Follow Steps 2 through 4 of the procedure to de- 
termine the grid point in Figures 8A1.17 and 8A1.18. 


8A1.1B 


Information Handling Services, 


2000 


8A1.1B 


8-12 


API CHAPTER*& 92 MM 0732290 0552824 &£3T 


Using these figures, the K-values obtained are listed in the following tabulation: 


Liquid 
Composition 
(Mole Fraction) 


0.0013 
0.0759 
0.1802 
0.2570 
0.1460 
0.1043 
0.0918 
0.0901 
0.0534 


1.0000 


*Mid-boiling point of a petroleum fraction with a 50 F boiling range. 


K-Value 
(Figures 8A1.17 
and 8A1.18) 


5.32 
3.00 


y= Kx 


0.0069 
0.2277 
0.3063 
0.2596 
0.0876 
0.0438 
0.0225 
0.0124 
0.0042 


0.9709 


In this computation, inasmuch as the summation of the vapor mole fraction, y, is less than unity, a 
higher temperature should be used in the next trial to vaporize more liquid. Because the trial-and-error 


procedure is straightforward, the additional trials are not shown here. 


C. What are the K-values for methane and ethane at —100 F and 100 psia in a methane-ethane 


system? 


The convergence pressure from Figure 8A1.4 is 750 psia. The combination of operating and 
convergence pressure falls in Area B in Figure 8A1.14. Hence, the grid pressure correction is required 
before reading the K-value. In Figure 8A1.15 a grid pressure of 115 psia is read. Following the 


procedure previously outlined in Example A and using Figure 8A1.16: 


Methane K = 6.20 (1.047) = 6.49 


Where 1.047 is the correction factor for methane. 
Ethane K = 0.337 
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PROCEDURE 8A1.1C 
VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR HYDROCARBON SYSTEMS IN AREAC 


Discussion 


Procedure 8A1.1 is to be used for all preliminary calculations toward estimating K-values of 
hydrocarbons. If the conditions are such that the desired point falls in Area C of Figure 8A1.14, the 
following steps are to be followed to calculate the convergence pressure and complete the estimation 
of K-values. This procedure is an interpolation scheme for estimating convergence pressure. 


Procedure 


Separate the multicomponent mixture into two sets of components: those with critical temperatures 
less than the operating temperature (7, < Zp), and those with critical temperatures greater than J,,. 
Obtain the critical temperatures, critical volumes, critical pressures and acentric factors of all the 
components from Chapters 1, 2, and 4. 

When the mixture contains only three components, the lightest component is the pseudolight, and 
the pseudoheavy is computed as described in Part B. 

When methane is the lightest component in the mixture and the heaviest component has a critical 
temperature greater than n-hexane, use 275 R and 600 psia for the critical constants of methane. 


A. Pseudolight Component 


Use the set of components with T, < Zp. Starting with the two lightest components in the mixture 
(1 and 2): 


Step 1: Calculate the normalized mole fractions. 


x; 


Se AC- 
ae ae (8A1.1C-1) 


X,=1-%, (8A1.1C-2) 


Step 2: Compute the true critical temperature of the binary mixture by Procedure 4B1.1. 
Step 3: Compute the true critical pressure of the mixture from the following equation: 


(5.808 + 4.93) ( T,-T,, )W 
Pp, = Pre ee (8A1.1C-3) 


Where: 


Poc = LX; P.j (pseudocritical pressure in pounds per square inch absolute). 
Toe = DX; T,; (pseudocritical temperature in degrees Rankine). 

O= XX; @; 3 

W = 2.23 - 8.650 + 12.4207. 


Compute the pseudocritical volume of the mixture from: 


VES XV, 


Treat this binary as the lightest pure component in the mixture having a composition of x = (x, +x) 
and T., pP,, V-, @ as calculated. If there are no other components remaining in the set, this is the 
pseudolight component. If another component exists in the set, assign the binary the role of the lightest 
component and repeat steps 1 to 3. Continue until all components with T, < Top have been treated. 


B. Pseudoheavy Component 

Follow the procedure in Part A except start with the set of components having 7, > 7,,. Starting 
with the two heaviest components in this set (1 and 2): 

Step 1: Calculate the normalized mole fractions from equations (8A1.1C-1) and (8A1.1C-2). 

Step 2: Compute the true critical temperature of the mixture by Procedure 4B1.1. 

Step 3: Compute the true critical pressure as in Part A, equation (8A1.1C-3). 

Treat this binary as the heaviest pure component in the mixture having a composition of 
x= (x + x2) and T,, pp, Vo, © as calculated. If there are no other components in the set, this is the 
pseudoheavy component. If another component exists in the set, assign the binary the role of the 


heaviest component and repeat steps 1 to 3. Continue until all components with T, > Kp have been 
treated. 
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C, Once the pseudolight and pseudoheavy components are formed, calculate the convergence 
pressure from equation (8A1.1C-3) where: 


Voth TA 
X\= a (8A1.1C-4) 
PUVA CE Lop) + Ven (Top > Ten) 

X, = 1.0-X, (8A1.1C-5) 


Where: 
Vi. = critical volume of pseudolight component. 
Ve, = critical volume of pseudoheavy component. 


T,, = critical temperature of pseudolight component. 
T., = critical temperature of pseudoheavy component. 
COMMENTS ON PROCEDURE 8A1.1C 
Purpose 


This procedure is to be used to complete the estimation of vapor-liquid equilibrium K-values for 
hydrocarbons when the operating conditions are such that the point falls in Area C of Figure 8A1.14 
or under certain other circumstances as noted under Discussion. The preliminary calculations are per- 
formed using Procedure 8A1.1, which is the master procedure for estimating hydrocarbon K-values 
under any conditions. 


Special Comment 


For Limitations, Reliability, Notation, and Literature Sources, see Comments on Procedure 8A1.1. 


Example 


Calculate the dew-point temperature and equilibrium liquid composition at 1500 psia for a mixture 
containing 68.9, 10.8, and 20.3 mole percent of methane, propane, and pentane, respectively, in the 
vapor phase. 

This example illustrates the iterative procedure required when the liquid composition is not known. 
It is necessary to assume the temperature and convergence pressure and calculate an approximate 
liquid-phase composition to check the assumed conditions, repeating until no further change occurs. 

For Trial 1, assume 250 F for the temperature and read the convergence pressure from the C 
through Cs critical locus in Figure 8A1.4. The estimate is p., = 1880 psia. In Figure 8A1.15, the grid 
pressure is p, = 2940 psia. From Figure 8A1.17 read the K-values as: 


Trial 1 
Molecular API K@ 
Weight Gravity 250 F yy x; =y;,/K; 
on = = 1.867 0.689 0.3704 
C3 44.1 147.2 0.86 0.108 0.1256 
n-Cs 72.2 92.8 0.44 0.203 0.4614 


1.000 0.9574 
7 K-value for C, in a 90 API solvent. 


Since }x < 1, assume 225 F for the second trial. Calculate the convergence pressure from the esti- 
mated liquid composition. 


Trial 2 
Critical Critical Pressure Critical Volume 
Temperature (pounds per square (cubic feet per 
Component (degrees Rankine) inch absolute) (6) pound mole) 
Cy 343.4 667.8 0.0108 1.585 
C; 666.0 616.3 0.1517 3.243 
n-Cs 845.7 529.1 0.2486 4.874 


According to the procedure, since this is a ternary system the pseudolight component is methane and 
the pseudoheavy component is a mixture of C3 and n-Cs. The pseudolight component therefore has 
the properties of methane. 
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The following table applies to the pseudoheavy component. This is based on equation (8A1.1C-1) 
and Procedure 4B1.1. 


XN XV; 
(cubic feet per i= 
Component X; pound mole) Xia, 
C3 0.214 0.694 0.1534 
C5 0.786 3.831 0.8466 
1.000 4.525 1.0000 


Tz = 2 6;T,; = 818.1 R (from Procedure 4B1.1). 
Too = 2X; T,; = 807.2 R. 
Poc = 2: Xj Poi = 547.8 psia. 

® = £ X;0; = 0.2279. 

W = 0.9060. 


Using equation (8A1.1C-3), 


[5.808 + 4.93 (0.2279) } (818.1 — 807.2) (0.2022) 
= 8|1 +e eee eee 
a s| * (807.2) 
= 594.3 
Summarizing, 
qT, Be ® V. 
Pseudolight component 343.4 667.8 0.0108 1.585 
Pseudoheavy component $18.1 594.3 0.2279 4.525 


The composition of the pseudobinary mixture at Top = 684.7 R is calculated from equation (8A1.1C-4). 


4.525 (684.7 — 818.1) 
[ (1.585) (343.4 — 684.7) + (4.525) (684.7 818.1) ] 


X= 1.0~0.527 = 0.473 


X= = 0.527 


Thus, 


Ty. = LX; T.; = (0.527) (343.4) + (0.473) (818.1) = 567.9R 

Pye = LX; Pei = (0.527) (667.8) + (0.473) (594.3) = 633 psia 
@ = © X;@; = (0.527) (0.0108) + (0.473) (0.2279) = 0.1135 
W = 2.23 - 8.65 (0.1135) + 12.42 (0.1135)? = 1.408 


This composition is the composition of the critical mixture at Top, 1.€., Top = T;. The convergence 
pressure (corresponding critical pressure) is now calculated from equation (8A1.1C-3). 


Z [5.808 + 4.93 (0.1135) ] (684.7 — 567.9) ¢ 1808) 
Pey = 633 E Soe —_ ars agoyy oe oe 
Pey = 1800 psia 


From Figure 8A1.15 at p,, = 1800 psia and a system pressure of 1500 psia the grid pressure is 3150 
psia. The following K-values are read from Figure 8A1.17 for a grid pressure of 3150 psia as described 
in Procedure 8A1.1B. 


Component K; yy; Xj 
on 1.734 0.689 0.398 
C3 0.82 0.108 0.131 
n-Cs 0.435 0.203 0.467 
1.000 0.997 


i K-value for methane in a 100 API solvent. 


Since 3) x =1, the calculation is completed if the convergence pressure doesn’t change. Since the ratio 
of n-Cs/C3 is essentially constant from the first trial to the second trial, the pseudoheavy component 
properties will not change. Thus, the convergence pressure and hence grid pressure will remain 
constant. The final composition is given at 225 F by the last column. 
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PROCEDURE 8B1.1 


VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR SYSTEMS CONTAINING 
HYDROCARBONS AND HYDROGEN 


Discussion 


The following procedure is useful for calculating the vapor-liquid equilibrium K-values for multi- 
component hydrogen-hydrocarbon-nonhydrocarbon systems. 


Procedure 


Step 1: Determine K-values for the hydrocarbons, including methane, from the K-nomographs 
(Figures 8A1.16, 841.17, and 8A1.18 using a convergence pressure of 5000 psia) at the system 
temperature and the system pressure. 

Step 2: Determine K-values of nonhydrocarbons from Figure 8C1.2 or 8C1.3. 

Step 3: Determine or estimate the vapor and liquid compositions and calculate a molal average 
boiling point (MABP) of the hydrogen-free liquid and of the total vapor. 

Step 4: From Figure 8B1.2 determine the K-value of hydrogen. 

Step 5: From Figure 8B1.3 determine the correction factors for the nonmethane hydrocarbon 
K-values for the presence of hydrogen. From the insert of Figure 8B1.3 determine the multiplying 
correction for the presence of methane. 

Step 6: Calculate the corrected K-values for hydrocarbons (except methane, which requires no 
correction in multicomponent hydrogen systems) by multiplying together the three factors from Steps 
1 and 5. Nonhydrocarbons require no correction. 

Step 7: For naphthenic and aromatic hydrocarbons obtain the correction factor for the hydrogen 
K-value from Procedure 8B1.5. Multiply the hydrogen K-value by this correction. 

Step 8: Repeat Steps 2 through 7 until the assumed and calculated compositions check within an 
acceptable tolerance. 

For mixtures without methane, the procedure is the same except that no correction factor for the 


presence of methane is required. For binary mixtures of hydrogen and methane, use Figure 8B1.4 for 
the K-value of methane. 
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COMMENTS ON PROCEDURE 881.1 


Purpose 


This procedure is to be used to determine the K-values for systems containing nonhydrocarbons and 


hydrocarbons. Although developed primarily for hydrogen-paraffin- 


hydrogen can be suitably corrected for the presence of aromatics. 


Limitations 


olefin systems, the K-values for 


The correlation is not applicable for pressures above 10,000 psia, for temperatures lower than 
—300 F or higher than 900 F (but not above a pseudocritical temperature of 0.9 for the hydrocarbons 
in the liquid phase), or to hydrocarbon mixtures having an MABP of the liquid (MABE ) above 700 F. 


Reliability 


The correlations of K-values for hydrogen-hydrocarbon systems have been tested against experi- 


mental data. The results are given in the following tabulation: 


Pressure 
(pounds per square Temperature 
Figure inch absolute) (degrees Fahrenheit) 
8B1.2 10 to 10,000 -300 to 900 
8B1.3 10to 4,500 -260 to 800 
8B1.4 10 to 5,000 —300 to -150 


Special Comments 


Number of Average 
Experimental Deviation 
Points (percent) 
395 12 
380 23 
27 8.3 


At low hydrogen concentrations (below 5 mole percent in the vapor) and pressures below 1500 


psia, the original hydrocarbon nomographs, Figures 8A1.16, 8A1.17, 
the correction of Figure 8B1.3 for the presence of hydrogen. 


and 8A1.18 can be used without 


The original correlation was developed and has been tested with data for hydrogen in paraffins, 
olefins, naphthenes, and aromatics. Based on limited data a correction for hydrogen-naphthene 
systems and hydrogen-aromatic mixtures was developed and is provided. 


Literature Source 


The procedure was developed by Shen, Proc. API 44{III] 23 (1964). The naphthene and aromatic 
correction was adapted by Graboski and Daubert (11) from Kouzel (20) and Kesler (19). 


Examples 


A. Calculate the K-values of the components at -100 F and 1000 psia of a hydrogen-ethene-ethane 


system, the feed composition of which is: 


Mole Percent 


Hydrogen ...............-.. 32.25 
Bthene session tas open ees 41.68 
Ethane: o.oo eee poe kee 26.07 

Totals snaoe ve arta anette San 100.00 


For pure hydrocarbon mixtures, from Figure 8A1.16: 


KoyHy(nomo) _ 0.180 
Ko He(nomo) = 0.102 


Assuming MABP, of -130 F (between those of ethene and ethane) as a first approximation, from 


Figure 8B 1.2: 
Ky, = 22.7 


Assuming MABP,, = ~300 F (between those of hydrogen and ethene), from Figure 8B1.3: 


K-value correction = 0.85 
Then, 
Kou, = (0.85) (0.180) = 0.153 
Keptig = (0-85) (0.102) = 0.0867 
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To check vapor and liquid compositions, the flash vaporization at ~100 F and 1000 psia is 


calculated: 
Feed 
cee 
Normal 
Boiling 
Point 
(degrees 
Mole  Fahren- 
Percent heit) 
Ho ....... 32.25 —423 
CoHy 41.68 -155 
CoH. 26.07 -127 
Total ... 100.00 
MABP,, deg F .............. 
MABP,, deg F .............. 
H2....... 32.25 423 
C3Hy 41.68 -155 
He 26.07 ~127 
Total ... 100.00 


MABPy déo Pi ai.8 105 S604 ted Shida wes 
MABP).,.d@gF i... sconce geeks Bien hee eas 


Trial 1 
SS SSS ee 
Assuming 
V/L = 50/50 
oom or 
Assumed Liquid Vapor 
K-Values (moles) (moles) 
22.7 1.36 30.89 
0.153 36.15 3.53 
0.0867 23.99 2.08 
61.50 38.50 
Assumed Calculated 
-300 —368.5 
—130 ~143.8 
Trial 3 
SS 
Assuming 
V/L = 31/697 
ooo 
Assumed* Liquid Vapor 
K-Values (moles) (moles) 
20.8 3.12 29,13 
0.0900 40.08 1.60 
0.0510 25.48 0.59 
68.68 31.32 
Calculated 
—403.7 
-144.] 


Trial 2 
eee 
Assuming 
V/L = 33/674 
’ i 
Assumed* Liquid Vapor 
K-Values (moles) (moles) 
21.0 2.80 29.45 
0.112 39.51 2.17 
0.0632 25.29 0.78 
67.60 32.40 
Calculated 
~397.8 
-144.1 
Trial 4 
| de 
Assuming 
V/L = 31/69 
7 
Assumed* Liquid Vapor 
K-Values (moles) (moles) 
20.8 3.12 29.13 
0.0828 40.19 1.49 
0.0469 25.53 0.54 
68.84 31.16 
Calculated 
—405.0 
—144.1 


* Based on calculated MABR, and MABP, from the previous trial. The final K-values are from Trial 4. 
(Note: For pressures under approximately 500 psia, the first guess of vapor composition is generally 
good enough, because the correction to the hydrocarbon K-values for composition is small.) 

+ The convergence is slow, so V/L used from preceding trial is overcompensated. 


B. Make a flash calculation at -100 F and 500 psia for a mixture of the following composition: 
Mole Percent 


Hydrogen ........ 


Methane 


Ethane 


From Figure 8A1.13 for a hydrocarbon mixture at —100 F and 500 psia: 


KooH¢(nomo) = 0.112 


From Figure 8B1.2, assuming MABP, =-—200 F: 


Ku, = 26.5 


From Figure 8B1.3, assuming MABP, = —400 F: 


K-value correction = 0.69 
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8B1.1 
From the insert of Figure 8B 1.3, assuming the mole percent methane in liquid is 25, the multiplying 
correction, C, is 1.18. Therefore, 
KosHe = (Knomo) (K-value correction) (multiplying correction) 
= (0.112) (0.69) (1.18) = 0.0912 
Compute flash vaporization at -100 F and 500 psia until the assumed and calculated vapor and 
liquid compositions agree: 
Feed Trial 1 Trial 2 
Ch ooo ————.-—_————— | rn nemenemanememimmmn 
Normal Assuming Assuming 
Boiling V/L = 70/30 V/L = 74/26 
Point 
(degrees 
Mole Fahren- Assumed Liquid Vapor Assumed* Liquid Vapor 
Percent heit) K-Values (moles) (moles) K-Values (moles) (moles) 
Ho ices 34.62 423 26.5 0.55 34.07 35.2 0.34 34.28 
CHy ....-. 41.61 —259 1.59 8.83 32.78 1:59 7.53 34.08 
CoHg...-- 23.77 -127 0.0912 19.60 4.17 0.117 17.83 3.94 
Total... 100.00 .... Bead 28.98 71.02 uae: 25.70 74.30 
Assumed Calculated Calculated 
MABP,, degF ............4. —400 -329.9 -324.1 
MABP,, deg F .............. —200 —-168.0 —166.2 
* Based on calculated MABP, and MABP, and mole percent methane in liquid from the previous 
trial. (Note: The vapor and liquid compositions from Trials 1 and 2 are close enough considering the 
insensitivity of the K-values to small changes in molal average boiling point, temperature, pressure, 
and composition range of this problem.) 
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METHANE K-VALUES 
IN THE 
HY DROGEN-METHANE 
SYSTEM 


TECHNICAL DATA BOOK 
June 1993 


c=) c=) 
el a 


Ey 
- 2 
o 


3 
x/A=a% ‘(GINVHLIW 4O) Olly 


© 
9 
o 
a 


1994 8-44 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143° 3'25.33 


1994 


COPYRIGHT 2000 American Petroleum Institute 
14:32:33 


Febuary 22, 


2000 


APT CHAPTER*4 9e MM 0732290 0552452 STu 


8B1.5 
PROCEDURE 8B1.5 
HYDROGEN K-VALUE CORRECTION FOR THE PRESENCE OF NAPHTHENES 
AND AROMATICS 
Discussion 
This procedure is used to correct hydrogen K-values for the presence of naphthenic and aromatic 
hydrocarbons. 
Procedure 
Step 1: Determine the MABP and specific gravity of the hydrogen-free liquid phase. For hydro- 
carbons, use the data in Chapters 1 and 6. For C, through C4 hydrocarbons and nonhydrocarbons 
establish the apparent specific gravity from Table 8B1.7. 
Step 2: Using the normal boiling points and specific gravities of normal paraffins from Chapter 1, 
determine a specific gravity, called the equivalent normal paraffin specific gravity, at the MABP. 
Step 3: From Figure 8B1.6, locate the pseudosolubility parameters for the actual and equivalent 
paraffin liquid phases. For binary mixtures, Table 8B 1.7 may be used in place of Figure 8B1.6. 
Step 4: Calculate the correction factor for the hydrogen K-value from equation (8B1.5-1). 
ve 
H 2 2 
Iny= 2 (8 -5) -(8 -2*y| 8B1.5-1 
Y RT H, H, ( ) 
Where: 
Y = correction factor. 
Vu, = 31.0 om? per g-mole. 
By, = 3.25 (cal /em)"?. 
R = 1.987 (cal) per (g-mole) (deg K). 
T = absolute temperature, in degrees Kelvin. 
= i 
& = pseudosolubility parameter of the actual hydrogen free liquid in (cal per cn? ) a 
5* = pseudosolubility parameter of the equivalent normal paraffin in (cal per cnt’) a 
Step 5: Multiply the hydrogen K-value from Procedure 8B1.! by the correction factor in Step 4. 
COMMENTS ON PROCEDURE 8B1.5 
Purpose 
This procedure is used to correct hydrogen K-values in systems containing naphthenic and aromatic 
hydrocarbons. 
Limitations 
The procedure has the same restrictions as those on Procedure 8B1.1. 
Reliability 
The procedure has been tested with limited data. It has been found to yield errors in hydrogen 
K-values of 10 to 15 percent when compared with experimental data. 
Literature Source 
The procedure was developed by Graboski and Daubert (11) based on the work of Kouzel (20) and 
Kesler (19). 
Example 
AS a step in a calculation from Procedure 8B 1.1, calculate the K-value of hydrogen in a mixture of 
hydrogen-hydrogen sulfide and a light natural fraction at 100 F and 500 psia. The liquid composition 
is as follows: 
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Component Liquid Mole Percent 
Hydrogen .................-. 1.70 
Hydrogen Sulfide ............ 15.65 
Fraction... set ede ad eden 82.65 


The fraction has a specific gravity of 0.797 and an MABP of 301 F. The boiling point of H)S is 
-76.6 F and its apparent specific gravity is 0.789 from Table 8B1.7. The molecular weights are 127 
and 34 for the fraction and H,S, respectively. 

The MABP of the hydrogen-free liquid phase is determined from the composition data. 


x, 
i 


Xi, H,—free = 
eer? ve 


0.1565 
Xy,s,H,-free = T_o 917 


MABP free = LX X.tigse }( %, } 


= 0.1592 


Where: 
Ty, = normal boiling point in degrees Fahrenheit. 
MABPH, _ tree = (0.1592) (-76.6) + (0.8408) (301) = 240.9 F. 
sp gr 60/60 = 1/2 [(MW, 1,-free)/ (Sp gt 60/60);]. 
MW, as 
i, Ho—-free SS x; Mw. 


0.1592 (34.0) 


MMtigs, Ho-free = 91592 (34.0) + (0.8408) (127.0) ~ O48 


\. 0.7966 . 


sp gr 60/60 = 1 /{ 222 0.9518 


0.789 * 0.797 


From Chapter 1, the equivalent normal paraffin lies betweenn-heptane (7, = 209.17, sp gr = 0.6882) 
and n-octane (7; = 258.2, sp gr = 0.7068). The average specific gravity by interpolating with boiling 
point is: 

(240.9 — 209.17) 


sp gr= 0.6882 + (258.2 — 209.17) 


(0.7068 — 0.6882) = 0.7002 


From Figure 8B1.6, read 


8 = 8.06 (calvem®)"? 
&* = 7.51 (cal/em’)'? 


From equation (8B 1.5-1) 


31.0 2 2 
Iny = Tse Gi | (3-25 -8.06) - (3.25-7.51) | 
In-y = 0.2502 
or y = 1.284 


From Procedure 8B1.1 the hydrogen K-value is 41.0. The corrected hydrogen K-value is therefore: 
Ky, = (41.0) (1.284) = 52.66 
An experimental K-value is 50.9. 


This corrected K-value is used in the flash calculation in Procedure 8B1.1 to obtain the liquid 
composition for the next trial. 
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8B1.7 
TABLE 8B1.7 
SELECTED SOLUBILITY PARAMETERS AND EFFECTIVE MOLAR VOLUMES FOR 
HYDROCARBONS AND NONHYDROCARBONS 
Solubility Molar 
Parameter Volume Reference 
Compound (cal/em3)'2 em?/s-mole Footnote 
Oxygen 4.00 28.4 4 
Hydrogen 3.25 31.0 3 
Water 22.30 18.0 4 
Hydrogen Sulfide 8.80 43.1 4 
Nitrogen 4.44 53.0 4 
Carbon Monoxide 3.13 35.2 4 
Carbon Dioxide 7.12 44.0 4 
Sulfur Dioxide 6.00 45.2 4 
Methane 5.68 52.0 3 
Ethane 6.05 68.0 4 
Propane 6.40 84.0 4 
n-Butane 6.77 99.45 1 
i-Butane 6.38 102.9 1 
n-Pentane 7.06 114.3 1 
i-Pentane 6.78 115.2 1 
Neopentane 6.22 120.8 1 
n-Hexane 7.33 129.5 1 
2-Methylpentane 7.05 130.9 1 
3-Methylpentane 7.27 130.6 1 
2,2-Dimethylbutane 6.73 133.7 1 
2,3-Dimethylbutane 7.02 131.2 1 
n-Heptane 7.43 145.2 1 
n-Octane 7.51 161.8 1 
n-Nonane 7.56 177.35 1 
n-Decane 7.56 193.3 1 
n-Undecane 7.83 212.2 2 
n-Dodecane 7.84 228.6 2 
n-Tridecane 7.89 244.9 2 
n-Tetradecane 7.93 261.3 2 
n-Pentadecane 7.96 277.7 2 
n-Hexadecane 7.99 294.1 2 
n-Heptadecane 8.02 310.4 2 
Cyclopentane 8.16 92.2 1 
Methylcyclopentane 791 111.6 1 
Ethylcyclopentane 7.99 127.3 1 
Cyclohexane 8.16 107.6 1 
Methylcyclohexane 7.95 126.7 1 
Ethylicyclohexane 8.00 141.7 1 
Ethylene 6.08 61.0 4 
Propylene 6.43 79.0 4 
1-Butene 6.94 93.4 i 
i-Butene 6.89 93.3 1 
cis-2-Butene 7.34 89.3 1 
trans-2-Butene 714 91.8 1 
1,3-Butadiene 7.26 88.0 1 
1-Pentene 7.14 108.6 ] 
cts-2-Pentene 7.41 106.3 1 
trans-2-Pentene 7.32 107.5 ] 
2-Methyl-1-Butene 7.18 106.9 1 
3-Methyl-1-Butene 6.79 110.9 1 
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8B1.7 
TABLE 8B1.7 (Continued) 
SELECTED SOLUBILITY PARAMETERS AND EFFECTIVE MOLAR VOLUMES FOR 
HYDROCARBONS AND NONHYDROCARBONS 
Solubility Molar 
Parameter Volume Reference 

Compound (cal/cm?) a cm?/g—mole Footnote 
2-Methyl-2-Butene 745 104.9 1 
1-Hexene 7.36 124.3 1 
1-Heptene 755 140 1 
Propadiene 6.85 61.6 4 
1,2-Butadiene 7.85 $2.2 1 
Benzene 9.14 88.5 1 
Toluene 8.97 105.4 1 
Ethylbenzene 8.82 121.4 1 
o-Xylene 9.02 120.0 1 
m-Xylene 8.84 122.2 1 
p-Xylene 8.72 122.5 1 
Calculational Procedure 

The solubility parameters may be calculated from the relation shown below with equivalent 
accuracy from the values of AH, and p taken from Chapter 1. 

RT 
6 = (an, - 82 }p (8B1.7-1) 

Where: 

AH,, = heat of vaporization at 25 C in cal per gm. 

T = 25 C (298.15 K). 
M = molecular weight. 
p = density at 25 C in gm per cnr. 
R = 1.9872 (cal) per (g-mole) (K). 
Footnotes 
1. Calculated as noted above using the data of Chapter 1. 
2. Calculated as noted above using the tables of API RP 44. 
3. Prausnitz, J. M., and Shair, F. H., AIChE Journal 7, 682 (1961). 
4. Parameters derived for use with Chao Seader correlation. 
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PROCEDURE 8C1.1 


VAPOR-LIQUID EQUILIBRIUM K-VALUES FOR SYSTEMS CONTAINING 
HYDROCARBONS AND NONHYDROCARBON GASES 


Discussion 


This procedure is used to determine the vapor-liquid equilibrium K-values for mixtures of non- 


hydrocarbon gases other than hydrogen with hydrocarbons. Hydrocarbon K-values are determined by 
Procedure 8A1.1. 


Procedure 


Step 1: Locate the component points in Figure 8C1.2 or 8C1.3. 


Step 2: Locate the point on the temperature-pressure grid of Figure 8C 1.2 or 8C1.3 corresponding 
to the operating temperature and pressure. 


Step 3: Lay the hairline of a nomograph reader through each component point and the temperature- 
pressure point. 


Step 4: Read the K-values at the point of intersection of the hairline with the K-scale. 
Step 5: For systems where the K-value of a reference system was determined, calculate the K-value 
correction using equation (8C1.1-1). 


Iny= aly. (8-8) -v,(8,-8")] (8CL.1-1) 


Where: 
V, = molar volume from Table 8B1.7 for the nonhydrocarbon in question. 


Vz = molar volume of the nonhydrocarbon in the reference mixture (preferably the same as in the 
real mixture) from Table 8B 1.7. 


R = 1.987 (cal) per (g-mole) (deg K). 
T = temperature, in degrees Kelvin. 
5; = solubility parameter of the nonhydrocarbon in the real mixture (from Table 8B1.7) in 


(cal per em3)"2. 
52 = solubility parameter of the nonhydrocarbon in the reference mixture (from Table 8B1.7) in 
(cal per cm3)’2. 
= pseudosolubility parameter of the nonhydrocarbon free reference mixture in (cal per cn? y! oe 
solubility parameter of the hydrocarbon in the reference mixture in (cal per enty?2, 


ao 
| 


5* 
$ may be obtained from Table 8B1.7 for binary mixtures or calculated using the method given in 


Procedure 8B1.5 for hydrogen K-value correction. 


Step 6: Compute the K-value by multiplying the reference mixture K-value by the correction factor 
from Step 5. 


COMMENTS ON PROCEDURE 8C1.1 


Purpose 


This procedure is to be used to determine the K-values for systems containing hydrocarbons and 
the nonhydrocarbon gases except hydrogen. Figures 8C1.2 and 8C1.3 are used in the procedure. 


Limitations 


The procedure was developed based on a limited amount of data. When estimating K-values using 
the reference mixture procedure the best results will be obtained when the reference mixture and the 
rea] mixture contain the same nonhydrocarbon. The procedure using the reference compound applies 


only to highly supercritical nonhydrocarbon fluids (Ny,CO, O,). Other fluids noted on the figures 
cannot be used as reference systems. 


Reliability 


a. Supercritical: For supercritical fluids, the error in predicted K-value is 15 percent, based on data for 
nitrogen and carbon monoxide. Extrapolation to other solutes could yield larger errors. 
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b. Subcritical: For hydrogen sulfide, the average error is 11 percent. For carbon dioxide, the average 
error is 14 percent. For other systems, errors of 18 percent can be expected. 


Special Comments 


Data on the solubility of hydrocarbon gases in water, the water content of natural gases in contact 
with liquid water, and vapor-solid equilibrium ratios of hydrocarbons in hydrate systems are given in 
Chapter 9. 

Enlarged copies of Figures 8C1.2 and 8C1.3 are given in the back of the binder. 

Additional points can be added to the nomographs as data become available. 


Literature Sources 


Figures 8C1.2 and 8C1.3 were prepared by modification of the vapor-liquid equilibria charts of 
Hadden and Grayson, Hydrocarbon Process. Petrol. Refiner 40 [9] 207 (1961). The correction pro- 
cedure was adapted by Graboski and Daubert (11) from Kouzel (20). The correlation for HS was 
developed by Kesler (19). 


Examples 


A. Find the K-value of carbon monoxide in n-octane at 392 F and 500 psia. 

From Figure 8C1.3, the K-value of CO in propane at 392 F, 500 psia (hypothetical) is 8.1. 

Since the system is a binary, the pseudosolubility parameter of the CO-free actual mixture may 
be obtained directly from Table 8B1.7 as 7.55 (calfer? yr, The data for CO from Table 8B1.7 are 
as follows: V = 35.2 (cm?/g-mole); 3 = 3.13 (cal/cm? y2, For propane Table 8B1.7 gives 8 = 6.40 
(cal/cm3)”2. 

The activity correction is therefore: 


Iny= TSE ay | 3137.55)" ~ (3.13-6.40)° | 
In-y = 0.3315 
¥ = 1.393 
or Keo = (1.393) (8.1) = 11.28 


An experimental K-value is 11.49. 


B. Find the K-value of H»S in n-nonane at 400 F and 186.6 psia. 
From Figure 8C1.3, the reference point for H)S is read on the curved scale at the value of 186.6 
psia. The X-value is then read as 8.0. An experimental value is 8.53. 


C. Estimate the K-value of oxygen in a light petroleum fraction with a specific gravity of 0.80 and 
a mole average boiling point of 350 F at 100 F and 250 psia. 

From Figure 8C1.3, there are no data available for oxygen systems. Choose nitrogen in n-butane 
as the reference and read the K-value of nitrogen as 22. 

Apply equation (8C1.1) using component (1) as oxygen and component (2) as nitrogen. The solu- 
bility parameter of the fraction from Figure 8B1.6 is 8.0 (cal/emr)2. From Table 8B1.7 and Figure 
8B 1.6, the following properties are available: 


Molar Volume Solubility Parameter 
Compound (cm? per g-mole) (cal per cm?) 
Oxygen 28.4 4.00 
Nitrogen 33 4.44 
n-butane - 6.77 
Light fraction - 8.00 
Compute the X-value correction as: 
7 28.4 _ 2 (53.0) 2 

InY= T9e7) Gil) (400-80) - Tosh any (4-44 - 6:77) 
In 'y = 0.2697 

or ¥ = 1.3096 


Therefore, the oxygen K-value is: 
K = (1.3096) (22.0) = 28.81 


No experimental value is available. 
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PROCEDURE 8D1.1 


ALTERNATE (COMPUTER) METHOD FOR HYDROCARBON-HYDROCARBON AND 
HYDROCARBON-NONHYDROCARBON VAPOR-LIQUID EQUILIBRIUM K-VALUES 


Discussion 


Vapor-liquid K-values for mixtures of hydrocarbons and nonhydrocarbons are estimated using the 
Soave (29) modification of the Redlich-Kwong equation of state. In order to compute K-values, the 
equation of state must be solved to satisfy the following relationships: 


TL = TY 
pes Vv 


Pp 
fh =f i=1,2,...n 


The first two relationships equate the temperature and pressure in each phase while the next “x” 
equations equate the fugacities of the individual components in each phase. Thus, there are (1 + 2) 
equations which must be satisfied for ann component mixture. 

A simplified flow chart for the equilibrium flash calculation is shown in the procedure diagram. To 
initiate the calculation, the feed composition and an estimate of the K-values are required. 

The calculational steps are as follows: 

Step 1; Make a flash calculation using a set of assumed K-values and the known feed composition. 
This gives a set of vapor and liquid compositions. 

Step 2: Use the composition to compute the composition dependent parameters in the equation of 
state. Based on the known temperature and pressure, find the saturated liquid and vapor volumes. 

Step 3: Compute the fugacities of all the components in each phase from the equation of state. 

Step 4: Check the fugacities. If the fugacities of all components are the same in each phase, stop 
the calculation. 

Step 5: If the fugacities in each phase differ, readjust the K-values and go to Step 1. 

Similar schemes apply for dew- and bubble-point calculations. Chapter 16, for example, gives a 


more detailed description of the calculations required and a computer program which may be readily 
adapted to the Soave equation. 


The following equations apply to the Soave procedure. 
A. Phase Volumes 


The equation of state for both the liquid and vapor phases must be solved for the phase volumes 
based on the phase compositions and temperature and pressure. The compressibility factors in both 
the liquid and vapor phases are given by equation (8D1.1-1). 


V aa 
an Genie cuca, (8D1.1-1) 


Where: 
Z = compressibility factor. 
V = molar volume in Ib-mole per cubic foot. 
T = absolute temperature in degrees Rankine. 
R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
© = a temperature function. 
a = energy constant. 
b = volume constant. 


The equation of state may be solved iteratively for Z or it may be rearranged to a cubic form in V 
and solved analytically. The latter is recommended as it minimizes the possibility of selecting the 
incorrect volume root. When the cubic equation is solved, the largest volume is the saturated vapor 
volume and the smallest volume is the saturated liquid volume. The middle root has no physical 
significance so far as the calculation is concerned. In the equilibrium calculation, note that no matter 
which solution technique for the volume is employed, it must be repeated twice since the constants, 
a, and b depend on the composition of each phase. 


B. Fugacity Coefficient 


The fugacity of a component in a phase may be calculated once the fugacity coefficient has been 
evaluated. The relationship between the fugacity and fugacity coefficient is given by equation 
(8D1.1-2). 
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8D1.1 
7 = Nx, p (8D1.1-2) 
Where: 
i = fugacity of component i in phase N. 
oN = fugacity coefficient of component / in phase N. 
x; = mole fraction of i in phase N. 
p = total pressure. 
In terms of the Soave equation, the fugacity coefficient in any liquid or vapor phase may be calcu- 
lated from equation (8D1.1-3) once the volume of that phase has been determined. 
b, 23x, 0,4, b. 
N i A ii i B 
Ing, = =(Z-1)- -B)-5 Pei Syty Fi) ( =) D1.1- 
n 9, 5 ) -In (Z-B) 4] Ee 5 | las (3 3) 
Where: 
b; = volume constant of component i. 
Qj; = temperature constant for an ij pair. 
aj = energy constant for an ij pair. 
A = aap/R°T’. 
B = bp/RT. 
C. Equation Constants for Pure Components 
The equation constants for all pure components are calculated from the critical temperature and 
pressure and the acentric factor. For undefined mixtures refer to Procedure 8D1.5. For hydrogen use 
the following critical properties: 
T, = 59.77R 
Pc = 188.1 psia 
@ = -0.220 
In terms of the critical constants, a; and b; are given by Equations (8D1.1-4) and (8D1.1-5). 
222. 
a, = 0.42747 RT. /p, (8D1.1-4) 
b, = 0.08664 RT Pe, (8D1.1-5) 
Where: 
@; = energy constant for component i. 
b; = volume constant for component i. 
T,, = critical temperature of component i in degrees Rankine. 
Po; = critical pressure of component i in pounds per square inch absolute. 
R = gas constant = 10.731 (psia) (cu ft) per (lb-mole) (deg R). 
For all fluids a; is given by equation (8D1.1-6) 
roa (La 
a, = 145, (1- 7, + (8D1.1-6) 
"j 
Where: 
T,, = reduced temperature of component i = + : 
& 
5),,S2, = pure component parameters for component i. 
For components where S, and S$. are not available, S, can be set equal to zero; and S$, may be esti- 
mated by 
S, = 0.48508 + 1.55171, - 0.156130; (8D1.1-7) 
a 
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Where: 
@; = acentric factor of component i. 


For each component in the mixture, o,, is determined as follows: 

Step I: Obtain the value of S, from Table 8D1.2. If a value is not available for a particular 
compound, estimate a value from equation (8D1.1-7). 

Step 2: Obtain a value for Sz from Table 8D 1.3. If no value is listed, set the parameter equal to zero. 

Step 3: Determine ©, at the specified temperature using equation (8D1.1-6). 


D. Equations for Composition Averaged Parameters 


The composition averaged parameters aa and 4 are calculated from equations (8D1.1-8) and 
(8D1.1-9). 


aa = PY x, 440,;4;; (8D1.1-8) 
b= ¥ xd, (8D1.1-9) 


The cross mixture parameter 0,4; j 18 given by equation (8D1.1-9). 


aiyaig = (1-k;,) [o.;0.;4;4; (8D1.1-10) 
Where: 
kj; = interaction coefficient. 


E. Interaction Coefficients 

The binary interaction coefficients are used to improve the vapor-liquid predictions. A binary inter- 
action coefficient may be utilized for each binary pair in the multicomponent mixture. For example, 
for a ternary mixture of CO,, H2S, and methane, three binary interaction coefficients can be defined. 
These are as follows: (1) CO2-H)S, (2) H2S-CHy, and (3) COs-CHy4. For the best results, the binary 
interaction coefficients should be determined from experimental data for conditions commensurate 


with the subject design. For general calculations the binary interaction coefficients may be assigned 
as follows: 


a. If available, use interaction coefficients from Table 8D 1.4. 

b. Estimate any unavailable interaction coefficients between Hy, H>S, CO, CO, and N2 with hydro- 
carbons using equations (8D1.4-1) through (8D1.4-5). 

c. Estimate any interaction coefficients between methane and compounds containing six or more 
carbon atoms using equation (8D1.4-6). 

d. For close boiling systems, use values given below. 

e. All remaining hydrocarbon-hydrocarbon interaction coefficients are zero: k; p= 0. 


Interaction parameters were determined from experimental binary vapor-liquid equilibrium data 
for Table 8D1.4, This was done by minimizing an objective function of the form 


L L 2 H H A 2 
7 Wade Kexp. —Korr Kexp. Kexp —Kore. 
= L Z H 
i=] Kexp Kexp, Kexp, 


Where: 
Kryp = experimental X-value of the light component. 


Keyp = experimental K-value of the heavy component. 


K s RE = predicted K-value of the light component. 
Rep E = predicted K-value of the heavy component. 


The function, F, is minimized over all available binary data and the value for k;; that corresponds 
to this minimum is the optimal interaction parameter. This technique uses all experimental data and 
weights the light component K-values such that the accuracy for the light component predictions is 


improved. This method is utilized because experimental errors tend to be greater for the heavier 
component. 
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The predictions of relative volatility for several close boiling systems were also optimized using 
binary interaction coefficients. The recommended coefficients are listed below. 


Binary System k;; Value 


1 Ethane 0.0157 
Ethylene 


2 Propane 0.0073 
Propylene 


3 n-Butane ~0.0047 
Isobutane 


4 n-Butane 0.0042 
1-Butene 


5 Isobutane 0.0024 
Isobutene 


6 n-Hexane 0.0030 
1-Hexene 


Interaction coefficients have a dramatic impact on the accuracy of the predicted relative volatility 
of the subject pairs. Procedure 8D1.1 should be used with caution if data are unavailable to generate 
interaction parameters for systems of this nature. 

For ammonia and hydrocarbon systems, an optimal interaction parameter should be obtained from 
experimental data. If data are unavailable, a value of 0.18 should be used for every ammonia/hydro- 
carbon binary pair. Using an interaction parameter of zero for these systems will result in large 
prediction errors. 


Procedure 


Step 1: For a mixture of defined components, obtain the critical temperature, critical pressure, and 
acentric factor for each component from Chapter 1. 

Step 2; For mixtures of undefined components proceed to Procedure 811.5. For mixtures of both 
defined and undefined components proceed to Procedure 8D1.6. 

Step 3: Obtain «;, a;, and b; from equations (8D1.1-4) to (8D1.1-6). 

Step 4: Obtain a set of initial K-values for the mixture based on ideal K-values, the graphical 
procedures in this chapter, or some other suitable source. 

Step 5: Based on the desired objective (equilibrium flash, dew, or bubble point) perform a flash 
calculation to obtain 7, P, y;, and x; based on the assumed K-values. 

Step 6: Using T and x; apply equations (81D1.1-8) through (8D1.1-10) with the appropriate ki; 
obtain the mixture parameters aa and b in the liquid phase. 

Step 7: Repeat Step 6 for the vapor phase using T and y;. 

Step 8: Find the liquid and vapor phase volumes from equation (8D1.1- 1) using the appropriate 
aa and b parameters. 

Siep 9: Compute the fugacity coefficients of all components in both phases from equation 
(8D1.1-3). 

Step 10: Check fugacities to see if they match in both phases for each component. 

Step 11: If they do not match, adjust the estimated K-values and proceed to Step 5. If they do match, 
stop the calculation. 
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8D1.1 


PROCEDURE 8D1.1 (Continued) 


PROCEDURE DIAGRAM FOR K-VALUE CALCULATIONS 


CALCULATE 
Vi» Vy 


CALCUCATE 


tf 
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T, PF, FEED COMPOSITION 


INPUT 


GUESS K; 


FLASH 
CALCULATION 
VL, Yj Xj 


ADJUST 
Kj 


UN 


DOES fh = +4¥ ? 


YES 


STOP | 
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COMMENTS ON PROCEDURE 8D1.1 


Purpose 


This procedure may be used to estimate hydrocarbon and nonhydrocarbon vapor-liquid equilibrium 
K-values. For completely defined mixtures, Procedure 8D1.1 is followed directly. For mixtures of 
undefined components, Procedure 8D1.5 must be followed in addition to Procedure 8D1.1. For 
mixtures containing both defined and undefined components, Procedure 8D1.6 should be used. If the 
nonhydrocarbons Nz, H2S, CO, CO, H,, methanol, ethanol, diisopropyl ether, or MTBE are present, 
obtain the recommended binary interaction parameters from Table 8D 1.4. If the generalized equations 
for interaction parameters are used, the required solubility parameters may be obtained from Table 
8B1.7 or calculated by equation (8B1.7-1). 


Limitations 


This procedure is limited to hydrocarbons and the nonhydrocarbons, hydrogen, hydrogen sulfide, 
carbon dioxide, carbon monoxide, and nitrogen. Other nonhydrocarbons, such as oxygenated com- 
pounds, may be added using interaction parameters determined from experimental data. Predictions 
for these nonhydrocarbons, however, may not be as accurate as the compounds listed above. 

The correlation has been tested against a wide variety of mixtures and has been found to be appli- 
cable at all temperatures of interest. The procedure is generally most accurate when the liquid phase 
reduced temperature is greater than 0.50 based on Kay’s rule for the critical temperature of the 
mixture. It is most accurate for pressures below 3000 psia. Caution should also be exercised, however, 
when using this method close to the mixture critical point. 


Accuracy 


K-value predictions of binary and multicomponent hydrocarbon mixtures excluding methane are 
typically less than 10 percent. Generally, K-value predictions for the light component(s) are better 
than those for heavier components(s). 

For methane systems, overall errors in the K-value are about nine percent when using optimized 
interaction parameters. 

For mixtures containing nonhydrocarbons, expected errors in K-value predictions when using 
optimal interaction parameters are 10 to 15 percent for the nonhydrocarbon and less than 10 percent 
for the hydrocarbon. 

For mixtures containing methanol or ethanol, errors are typically 30 percent for the alcohol K-value 
and 10 percent for the hydrocarbon K-value. This method should not be used for situations where the 
alcohol is more than 20 percent by weight in the liquid phase. Mixtures of MTBE or diisopropyl ether 
with hydrocarbons typically yield errors of approximately 10 percent for all K-values. Caution should 
be used when the ether is more than 20 percent by weight in the liquid phase. 

For multicomponent systems involving hydrocarbons and nonhydrocarbons, K-value errors will be 
similar to those for binary systems if the hydrocarbon portion represents the majority of the mixture. 
For systems with a relatively small hydrocarbon content, larger errors may be expected. 


Literature Sources 


The procedure is from Soave, Chem. Eng. Sci., 27, 1197 (1972). It is adapted and supplemented by 
Graboski and Daubert (10, 11) and Moysan et al. (22). Energy constant enhancements and new inter- 
action parameters are based on previously unpublished work by Thorwart and Daubert (31, 32). 
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8D1.2 
TABLE 8D1.2 
SELECTED VALUES OF S, FOR EQUATION 8D1.1-6 

Compound Name AY] 
Water 1.243997 
Ammonia 0.975515 
Carbonyl sulfide 0.592450 
Methyl mercaptan 0.529899 
Ethy! mercaptan 0.763226 
Methanol 1.828343 
Ethanol 1.678665 
n-Propanol 0.169684 
Isopropanol 0.140334 
n-Butanol 0.293950 
Isobutanol 0.703883 
sec-Butanol 0.601957 
tert-Butanol 0.745244 
Methyl-zer7-butyl ether 0.956082 
Ethyl-tert-butyl ether 0.886894 
Methy]-tert-Amyl ether 0.905443 
Diisopropy] ether 1.025312 

If S, is not listed in Table 8D1.2, it should be determined from the 
following equation. 

S, = 0.48508 + 1.551710, — 0.156130" 

Where: 

@; = acentric factor of component i. 
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801.3 
TABLE 8D1.3—SELECTED VALUES OF S, FOR EQUATION 8D1.1-6 
Compound Name Sy Compound Name Sy 
NONHYDROCARBONS PARAFFINS (Continued) 
Hydrogen —0.025891 n-Decane 0.003324 
Water —0.201789* n-Undecane 0.012698 
Ammonia —0.087598 n-Dodecane —0.001931 
Hydrogen sulfide 0.010699 n-Tetradecane 0.010085 
Nitrogen —0.011016 n-Pentadecane —0.033625 
Carbon monoxide —0.025280 n-Hexadecane 0.002741 
Carbon dioxide —0.004474 n-Octadecane -0.003612 
Argon 0.011721 n-Eicosane ~0.014476 
PARAFFINS NAPHTHENES 

Methane ~0.012223 Cyclopropane 0.017047 
Ethane 0.012416 Cyclobutane 0.014555 
Propane 0.003791 Cyclopentane 0.003383 
n-Butane 0.003010 Methylicyclopentane 0.001461 
Isobutane 0.006209 Ethylcyclopentane 0.002891 
n-Pentane —0.000636 1,1-Dimethylcyclopentane 0.013551 
Isopentane 0.005345 cis-1,2-Dimethylcyclopentane —0.006564 
Neopentane 0.000695 trans-1,2-Dimethylcyclopentane —0.009015 
n-Hexane —0.007459 cis-1,3-Dimethylcyclopentane 0.001337 
2-Methylpentane 0.003898 trans-\,3-Dimethylcyclopentane 0.017759 
3-Methylpentane ~0.009786 n-Propylcyclopentane 0.012036 
2,2-Dimethy!butane —0.006195 Isopropylcyclopentane —0.008055 
2,3-Dimethy]lbutane —0.004579 1-Methyl-1-ethylcyclopentane —0.014972 
n-Heptane —0.003031 1,1,2-Trimethyicyclopentane 0.022620 
2-Methylhexane ~—0.002132 1,1,3-Trimethylcyclopentane ~0.024026 
3-Methylhexane —0.002806 1,c-2,1-4-Trimethylcyclopentane 0.026470 
2,2~Dimethylpentane —0.003786 n-Decylcyclopentane 0.003368 
2,3-Dimethylpentane —0.001338 Cyclohexane —0.004637 
2,4-Dimethylpentane 0.000811 Methylcyclohexane —0.000172 
3,3-Dimethylpentane -0.004779 1,1-Dimethylcyclohexane 0.007389 
3-Ethylpentane 0.000168 cis-1,2-Dimethylcyclohexane 0.014432 
n-Octane —0.000821 trans-1|,2-Dimethylcyclohexane 0.007290 
2,2-Dimethylhexane —0.000599 cts-1,3-Dimethylcyclohexane 0.010622 
2,3-Dimethylhexane —0.002424 cis-1,4-Dimethylcyclohexane 0.014903 
2,4-Dimethylhexane 0.001943 trans-\,4-Dimethylcyclohexane 0.007723 
2,5-Dimethylhexane 0.001621 n-Propylcyclohexane 0.021283 
3,3-Dimethylhexane —0.001728 Isopropylcyclohexane 0.033961 
3,4-Dimethylhexane —0.001744 n-Butylcyclohexane 0.028388 
2-Methylheptane —0.002094 sec-Butyleyclohexane 0.025957 
3-Methylheptane ~0.004039 tert-Butyicyclohexane —0.000764 
4-Methylheptane ~0.002870 n-Decylcyclohexane —0.003096 
2,2.3-Trimethylpentane 0.001434 Cycloheptane 0.004421 
2,2,4-Trimethylpentane —0.004045 Cyclooctane 0.467088 
2,3,3-Trimethylpentane —0.003849 
2,3,4-Trimethylpentane —0.0043 13 aie aes 0.002805 
2,2,3,3-Tetramethylbutane 0.035734 anaes : 

; Propylene —0.006163 
3-Ethylhexane 0.002745 1-Buten 0.001178 
2-Methy]-3-ethylpentane —0.002499 Beda : 

cts-2-Butene —0.005287 

3-Methy]-3-ethylpentane —0.004598 
trans-2-Butene —0.016832 

n-Nonane 0.005435 
: Isobutene 0.000612 

3,3-Diethylpentane —0.009265 
: 1-Pentene 0.003670 

2,2,3-Trimethylhexane 0.012650 : 

: cis-2-Pentene 0.002330 

2,2,5-Trimethylhexane ~0.000017 
trans-2-Pentene —0.001574 

2,2,3,3-Tetramethylpentane 0.002328 
2-Methyl-1-butene —0.003510 

2,2,3,4-Tetramethylpentane —0.002088 
274 4-Ti 2-Methy1-2-butene —0.011281 

.2,4,4-Tetramethylpentane —0.001878 
2,3,3,4-Tetramethylpentane =9,005733. 2 Methyl“I-butene ee 
est yipe : 1-Hexene —0.003219 
* Use only for low concentrations of water in hydrocarbons. cis-2-Hexene 0.003966 
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TABLE 8D1.3—-SELECTED VALUES OF S, FOR EQUATION 8D1.1-6 (Continued) 


Compound Name 


OLEFINS (Continued) 
trans-2-Hexene 
cis-3-Hexene 
trans-3-Hexene 
2-Methy1-1-pentene 
2-Methy!-2-pentene 
3-Methyl-1-pentene 
4-Methy]-1-pentene 
cis-3-Methy]-2-pentene 
trans-3-Methy]-2-pentene 
cis-4-Methy]-2-pentene 
trans-4-Methy1-2-pentene 
2,3-Dimethyl-2-butene 
2,3-Dimethyl- 1-butene 
3,3-Dimethy]-1-butene 
2-Ethyl-1-butene 
1-Heptene 
2-Methyl-1-hexene 
cis-3-Methyl-3-hexene 
2,4-Dimethy]- 1-pentene 
2,4-Dimethyl-2-pentene 
cis-4,4-Dimethy]-2-pentene 
2,3,3-Trimethy]-1-butene 
3-Methyl-2-ethy]-1-butene 
1-Octene 
2,4,4-Trimethyl-1-pentene 
1-Nonene 
1-Decene 
1-Undecene 
1-Dodecene 
1-Tridecene 
1-Tetradecene 
1-Pentadecene 
1-Hexadecene 
1-Octadecene 


DIOLEFINS AND ACETYLENES 
1,3-Butadiene 
1,2-Pentadiene 
cis-1,3-Pentadiene 
trans-1,3-Pentadiene 
1,4-Pentadiene 
2,3-Pentadiene 
3-Methyl-1,2-butadiene 
2-Methyl-1,3-butadiene 
1,3-Cyclohexadiene 
1,5-Hexadiene 
trans,trans-2,4-Hexadiene 
Acetylene 
Propyne 
Dimethylacetylene 
3-Hexyne 


AROMATICS 
Benzene 
Toluene 
Ethylbenzene 
m-Xylene 
o-Xylene 
p-Xylene 
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0.004891 
0.005113 
0.000441 
0.005190 
0.011483 
0.012116 
0.000858 
0.034720 
0.024994 
0.001675 
0.000704 
0.016761 
0.004265 
—0.008468 
0.015833 
0.006221 
0.018598 
0.005120 
0.001891 
0.008488 
0.005706 
0.000205 
0.006036 
0.002307 
0.004362 
—0.000564 
0.005588 
0.010786 
0.008653 
0.005573 
0.008227 
0.000957 
0.010177 
0.021612 


0.009137 
0.011814 
0.043579 
0.052253 
0.057869 
0.023742 
0.026266 
0.023298 
0.010481 

0.016851 
0.000656 
0.001831 

0.002337 

—0.109294 
0.022376 


0.000318 
0.005125 
0.004227 
—0.005645 
—0.006569 
0.010556 


Compound Name 


AROMATICS (Continued) 
n-Propylbenzene 
Isopropylbenzene 
1,2,3-Trimethylbenzene 
1,2,4-Trimethylbenzene 
Mesitylene 
m-Ethyltoluene 
o-Ethyltoluene 
p-Ethyltoluene 
1-Methyl-3-ethenyl benzene 
n-Butylbenzene 
Isobutylbenzene 
sec-Butylbenzene 
tert-Butylbenzene 
m-Diethylbenzene 
o-Diethylbenzene 
p-Diethylbenzene 
m-Cymene 
p-Cymene 
1,2,3,4-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
1,2,4,5-Tetramethylbenzene 
1,4-Diisopropylbenzene 
n-Decylbenzene 
Styrene 
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0.007551 
—0.008698 
0.014458 
—0.010675 
—0.014912 
0.036093 
0.047885 
0.036093 
—0.036510 
—0.005215 
0.013419 
0.018480 
0.018084 
0.010750 
0.011193 
0.006384 
0.004533 
0.000849 
—0.005 169 
0.019944 
—0,014791 
0.022869 
0.011198 
0.019670 


DIAROMATICS AND OTHER HYDROCARBON RINGS 


cis-Decalin 
trans-Decalin 
Tetralin 

Indene 

Naphthalene 
1-Methylnaphthalene 
2-Methylnaphthalene 
2,6-Dimethylnaphtalene 
Dibenzofuran 
Bicyclohexyl 
Cyclopentene 
Bipheny! 
Diphenylmethane 


SULFUR COMPOUNDS 
Methyl mercaptan 
Ethyl mercaptan 
Carbony] sulfide 


OXYGENATED COMPOUNDS 
Methanol 
Ethanol 
n-Propanol 
Isopropanol 
n-Butanol 
Isobutanol 
sec-Butanol 
tert-Butanol 
Methyl-zert-buty] ether 
Ethy!-terz-butyl ether 
Methyl-zer7-amy] ether 
Diisopropy] ether 


—0.006020 
0.011339 
0.018025 

—0.028120 

—0.005006 
0.056699 

0.000472 

—0,014329 
0.045513 

—0.020675 

0.006625 
0.000398 
0.000798 


0.141244 
0.003516 
0.026420 


—0.430885 
0.216396 
1.188769 
1.269059 
1.005612 
0.503560 
0.600508 
0.484002 
—0.053074 
0.046280 
0.010549 
~0.033494 


Note: For compounds not listed in Table 8D 1.3, S, should be set to zero. 
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8D1.4 
TABLE 8D1.4 

RECOMMENDED INTERACTION COEFFICIENTS FOR THE SOAVE PROCEDURE 

1. Interaction Coefficients Determined from Vapor-Liquid Equilibrium Data 
HS N> CO co Ho CH4 
H2S ies 0.1475 0.1093 0.0699 bas 0.0912 
N2 0.1475 ee ~0.0462 (0.0111) 0.0086 0.0291 
CO; 0.1093 —0.0462 dese —0.0817 0.0456 0.0936 
co 0.0699 (0.0111)4 0.0817 y ots 0.0035 0.0145 
Ho aft 0.0086 0.0456 0.0035 ee 0.0018 
Methane 0.0912 0.0291 0.0936 0.0145 0.0018 
Ethane 0.0846 0.0082 0.1320 Ka 0.0318 
Propane 0.0874 0.0862 0.1300 0.0403 0.1346 
n-Butane 0.0564 0.0596 0.1336 ee 0.1940 
Isobutane 0.0549 0.0845 0.1289 sates 
n-Pentane 0.0655 0.0917 0.1454 ar (0.2020)+ 
2-Methylbutane Me 0.1070 0.1371 wes oes aes 
n-Hexane batt 0.1552 0.1167 Ais 0.2105 0.0258 
n-Heptane 0.0191 its 0.1209 ess (0.5053) 0.0148 
n-Octane eee aig 0.1897 1.0000 0.0544 
2,2,4-Trimethylpentane ... 0.6336 
n-Nonane 0.0543 var eth waite fey as 
n-Decane 0.0033 0.1243 0.1440 0.0169 0.8533 0.0417 
n-Hexadecane vie bi 0.1249 aes 0.9570 0.0331 
Cyclopropane oat 4 des (0.1 100)2 Ape Steg Pes 
Cyclohexane cae ten 0.0832 eee 0.3605 0.0288 
Methylcyclohexane 0.0778 0.0899 0.1026 anes 0.6043 sky 
Ethylcyclohexane 0.0550 0.0918 0.0961 wie 0.002 1 
n-Propylcyclohexane 0.0363 ssa Me 8 
Isopropylcyclohexane 0.0417 
Ethene fed 0.0441 0.0568 eles 0.0757 
Propene ike 0.0852 0.0686 eins 0.1781 
1-Butene haies Sec (0.0613)+ hsve gad ate 
Benzene fod 0.1697 0.0734 0.0720 0.5296 0.0371 
Toluene 0.0142 0.2193 0.0935 Bee whee 0.0612 
1,3-Dimethylbenzene 0.0222 0.2297 0.0763 bat 0.9058 0.0421 
Mesitylene ee 0.2250 0.0834 oe 0.0443 
p-Diisopropylbenzene ssa esi oo ae 0.3267 
p-Cymene awk es ae ae 0.6096 sete 
Diphenylmethane pre he 0.1344 ae; 0.7672 0.1137 
1-MethyInaphthalene aie a 0.1160 sybcd 0.7397 0.0883 
Tetralin soos 0.3041 0.1547 es 0.8978 0.1710 
Phenanthrene ae a4 0.2299 one 1.0000 0.2531 
9,10-Dihydrophenanthrene . . . ie 0.7836 0.1291 
+ The interaction parameter was estimated. 
+ The interaction parameter was determined from data at a single temperature and may not be appli- 
cable over a wide temperature range. 
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8D1.4 
TABLE 8D1.4 (Continued) 
ll. Corretated Interaction Coefficients Based on Absolute Value of Difference in 
Solubility Parameter 
H2S: kj; = 0.01786 + 0.02242 [8; — 5)] (8D1.4-1) 
N32: kjj = 0.01882 + 0.01416 [8; — 8] + 0.06654 [8; — 5) (8D1.4-2) 
CO): kyj=O.11 (8D1.4-3) 
Co: Ki =0.0 (8D1.4-4) 
H,:? kj; = -0.004153T, + 0.003605 T? (fT, < 16) (8D1.4-5) 
CHy: Ki; = 0.035 (8D1.4-6) 
Notes: 
5; or 3; = solubility parameter of component i or j, calories per cubic centimeter (see Table 8B1.7) 
T, = reduced temperature of hydrogen = T/T, 
*Equation (8D1.4-5) should not be used beyond 7, = 16 for hydrogen. Procedure 8D1.1 is not recom- 
mended for temperatures beyond 7, = 16 for H). 
ill. interaction Coefficients for Systems of Hydrocarbons and Common Oxygenates 
Diisopropyl 
Methanol Ethanol MTBE Ether 
n-Butane 0.2015 0.0709 0.0183 
Isobutane 0.2411 ne Sisk 
n-Pentane 0.1746 ass asics 
Isopentane aod Pate 0.0163 
n-Hexane 0.0932 Phe 0.0183 
2,3-Dimethylbutane 0.0777 
2-Methylpentane 0.1432 
3-Methylpentane 0.1144 fats fay led 
n-Heptane are 0.0759 nes, 0.0077 
n-Octane 0.0786 0.0960 0.0172 
2,2,4-Trimethylpentane 0.0616 0.0399 0.0236 
n-Nonane ars 0.0863 iis 
n-Undecane one 0.0356 
Methylcyclopentane 0.0980 0.0852 let ee 
Cyclohexane 0.1374 0.1100 as -0.0112 
Methylcyclohexane 0.0716 0.0774 0.0293 
1-Butene ing noah 0.0010 
Isobutene wae wa —0.0169 
1-Hexene 0.0759 aot sats 
1-Heptene 0.0707 rae —0.0008 
2,4-Dimethy] -2-pentene 0.0454 
1-Octene 0.0675 
Cyclohexene 0.1122 bas ses 
1,3-Butadiene sid gobs 0.0052 oes 
Benzene 0.1147 0.1108 —0.0099 0.0154 
Toluene 0.1330 0.1145 —0.0009 0.0110 
p-Xylene oi 0.1413 etoad ee 
m-Xylene 0.0997 es jae heed 
Ethylbenzene 0.0976 0.1284 Soe —0.0088 
Methanol eos Sax —0.0340 int 
Note: The interaction parameters listed above should be used only when the liquid phase composition 
contains less than 20 percent by weight of the oxygen containing compound. 
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8D1.5 
PROCEDURE 8D1.5 
ALTERNATE (COMPUTER) METHOD FOR FLASH CALCULATIONS AND EQUILIBRIUM 
K-VALUES OF UNDEFINED PETROLEUM FRACTIONS 
Discussion 

The flash curves of petroleum fractions and their mixtures with defined components may be esti- 
mated using the Soave (29) modification of the Redlich-K wong equation of state. The only input data 
required for this procedure are a TBP distillation and specific gravities for each of the TBP fractions. 
Since a detailed outline of the Soave procedure is presented in Procedure 8D1.1, only a brief summary 
of the method will be presented here. 

The Soave equation for multicomponent systems is as follows: 

Pa ( BF a) (8D1.5-1) 
~ \(V=B) V(V 45) as 
Where: 
a; = 0.42747 TP, (8D1.5-2) 
bj = 0.08664RT,2/B, (8D1.5-3) 
n 
b= >) x, (8D1.5-4) 
i=l 
n n 
aa= SY x, x,0,4, (8D1.5-5) 
i=l j=l 

Ojai = Cl —kij) [%;4;A;a, (8D1.5-6) 

fie [2 +SL{1 - fr, )| (8D1.5-7) 
and 

x; = mole fraction of component i in phase n. 

T,, = critical temperature of componenti. 

F., = critical pressure of component i. 

T,, = reduced temperature of component. 

The vapor pressure function [SL; in equation (8D1.5-7)} depends on the initial boiling point of the 
petroleum fraction and the equation used to evaluate «, the acentric factor. The general form of the 
equation for the vapor pressure function is 

SL; =a + bo; + cw? (8D1.5-8) 
Where: the coefficients a, b, and c are determined from Table 8D1.5. 
TABLE 8D1.5 
COEFFICIENTS FOR THE VAPOR PRESSURE FUNCTION 
Type of Initial Equation 
Petroleum Boiling For 
Fraction Point Acentric Factor a b c 
Heavy residua >600 F Lee Kesler (1975) 0.315 1.60 —~0.166 
Whole crude ~90 F Lee Kesler 0.48508 1.55171 0.15613 
Narrow Boiling <500 F Lee Kesler 0.48508 1.5517} 0.15613 
fraction 
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The critical properties (2., Z,) and molecular weight must be evaluated from the procedures given 
in Chapters 4 and 2, respectively. Special note should be taken of the limitations given in these 
procedures. 

The Soave procedure is an iterative technique in which an initial set of K-values is assumed. Using 
these K-values, a fiash calculation is made [equations (8D1.5-9) and (8D1.5-10)} to solve for V (the 
mole in the vapor phase), x; (the mole fraction in the liquid) and y, (the mole fraction in the vapor 
phase). 


ERAIAAD, 8D1.5-9 
Y= 5 (K-10) eae 
bine = 1.0 (8D1.5-10) 


Equations (8D1.5-9) and (8D1.5-10) represent i + 1 equations with i+ 1 unknowns (x, y, V) and, 
therefore, can be solved exactly if the feed composition (Z;) and the total moles of feed (F) are known. 

Once the mole fractions of liquid and vapor are known, the fugacity coefficient, based on the Soave 
equation, may be evaluated from equation (8D1.5-11). 


b; A 23). x,"0,.4a.. b, B 
weit _ Ryo oS! eae es ad = 
ng" Z-8)-5 — ek (1 +8) (8D1.5-11) 
Where: 
6;” = fugacity coefficient of component i in phase n. 
B = bP/RT (8D1.5-12) 
A = aaP/R°T’ (8D1.5-13) 
3 2 2 
Z-Z +z(A-B-B )-aB=0 (8D1.5-14) 


Finally, the fugacities of each component in both the liquid and vapor phases may be evaluated from 
Ff = 0/'x7P (8D1.5-15) 


If the fugacities (f;”) are identical for each component in both the liquid and vapor phases, the initial 
set of K-values is correct and the calculation stops. Otherwise, the K-values must be readjusted and 
the procedure repeated. 

Once the fugacities of each component are equal in both phases, the actual flash volume may be 
determined as follows. (This step is not necessary if the Soave K-values are of interest, and not the 
flash volume.) First, the volume of each component in the vapor phase is evaluated from equation 


(8D1.5-16). 
1) ) 
fe AOE (8D1.5-16) 
a P; 
Where: 
p; = density of component i at system conditions. 


& 
= 
i! 


molecular weight of component i. 
V, = volume of component i in the vapor phase. 


Then the flash volume is given by: 


Flash volume = 421 (8D1.5-17) 


Where: 
V, = total volume of feed. 


For whole crude data, it was determined that the Soave procedure (as given above) gave rather 
inconsistent results, but the data base used to evaluate the procedure was not adequate to determine 
the cause of inconsistencies. In any event, a modification of the Soave a function is given in equation 
(8D1.5-18). 
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©, = 0.0147 + 0.933, - 0.010 (TMFP) (8D1.5-18) 


Equation (8D1.5-18) improved the accuracy of the Soave result for whole crude data. In equation 
(8D1.5-18), a7 is the original Soave o, as calculated from equation (8D 1.5-7) and TMFP is given by: 


TMFP = 10.0 - the calculated flash volume when (8D1.5-19) 
the 20 percent TBP temperature is 
used as the flash temperature (at a 
pressure of 14.7 pounds per square 
inch absolute). 


To use the & modification, the 20 percent TBP temperature is used as a flash temperature, and TMFP 
is evaluated from equation (8D1.5-19). If TMFP is positive, no « modification is required. If TMFP 
is negative, the value of TMFP is substituted into equation (8D1.5-18) and the modified values of 
a are used along with the remainder of the Soave procedure to determine the flash volume. 


Procedure 


Step 1: Given a TBP curve and specific gravity data for a petroleum fraction, divide the mixture 
into fractions, each with a boiling range of approximately 50 F. For narrow boiling fractions, the boil- 
ing range of each component should be 10 to 25 F, depending on the volume distilled for a given 
temperature range. 

Step 2: Estimate the critical properties for each pseudocomponent using Procedures 4D3.3 and 
4D4.3. The molecular weights may be evaluated from Procedure 2B2.1. The critical properties of any 
pure components can be obtained from Chapter | or estimated if necessary as described in Chapter 4. 

Step 3: Calculate the acentric factors, «; for each pseudocomponent using the Lee Kesler equation 
[AIChE J., 21(3), 510 (1975)]. 

Step 4: Obtain a set of initial K-values, using a method outlined in this chapter, or some other suit- 
able source. 

Step 5: Perform a flash calculation, using equation (8D1.5-9) and (8D1.5-10) to findx;, y;, and V. 

Step 6: Refer to Table 3C1.1 and choose the appropriate set of coefficients for equation (8D1.5-8). 

Step 7: Solve for a;, b;, B, a,;, SL;, Qj, a;;, 0a, A, B, and Z using equations (8D1.5-2) through 
(8D1.5-8) and (8D1.5-12) through (8D1.5-14). Since aa , b, A, B, and Z depend on the phase of 
the system, they must be solved separately for the liquid and vapor phases. 

Step 8: Using equations (8D1.5-11) and (8D1.5-15), the fugacities of each component are evalu- 
ated in both the liquid and vapor phases. 

Step 9: If the fugacities are equal for each component in both phases, then the equilibrium K-values 
are correct and the flash volume can then be determined from equations (8D1.5-16) and (8D1.5-17). 
Otherwise, the K-values must be readjusted and the entire procedure from Step 4 repeated. 


Optional 


Step 10: For whole crude data, it is recommended that the 20 percent TBP temperature be used as 
a flash temperature at a pressure of one atmosphere and the flash volume calculated using Steps 1 
through 9 above. If the resultant flash volume is below 10 percent, no modification of the above 


procedure is necessary. Otherwise, an o modification may be used as given by equations (8D1.5-18) 
and (8D1.5-19). 
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COMMENTS ON PROCEDURE 8D1.5 


Purpose 


This procedure is to be used to estimate the vapor-liquid equilibrium K-values as well as the flash 
volume of petroleum fractions. 


Limitations 


The procedure is most accurate for predicting flash volumes in the range of 20 to 90 percent. 

The procedure has been tested on a variety of petroleum fractions and has been determined to be 
applicable at all temperatures of interest, but it only has been evaluated for pressures from atmos- 
pheric to 500 pounds per square inch absolute. 


Reliability 


For flash volumes above 25 percent, the average error in the Soave predicted flash volume is 
approximately five percent of the value regardless of the nature of the petroleum fraction. For flash 
volumes below 25 percent, the average error is approximately 25 percent for whole crudes and heavy 
residua, and it may be considerably higher for narrow boiling fractions although insufficient data were 
available for estimating the error of narrow boiling fractions in this flash volume range. 
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PROCEDURE 8D1.6 


ALTERNATE (COMPUTER) METHOD FOR FLASH CALCULATIONS AND EQUILIBRIUM 
K-VALUES OF MIXTURES OF DEFINED AND UNDEFINED COMPONENTS 


Discussion 


The phase equilibrium of mixtures of defined and undefined components may be estimated with a 
variation of Procedure 8D1.1. The only difference is that the undefined portion of the mixture is 
generally treated as one or more pseudocomponents. The properties of these pseudocomponents are 
typically determined from their assigned boiling point and specific gravity using procedures in Chap- 
ters 2 through 4 of the Technical Data Book. Should the mixture be composed entirely of undefined 
components, Procedures 8D1.5 and 3C1.1 are recommended because they are specifically designed 
for such a case. A brief summary of this procedure is presented below. 


A. Phase Volumes 
The Soave equation of state is given by 


Vv aa 


~ (V=b) RT(W4+b) (8D1.6-1) 


Z = compressibility factor. 

V = molar volume in lb-mole per cubic foot. 

T = absolute temperature in degrees Rankine. 

R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 
@ = a temperature function. 


a = energy constant. 
b = volume constant. 


This equation is identical to equation (8D1.1-1) and is solved in the same manner. 


B. Fugacity Coefficient 


The fugacity coefficient of a component in a phase is determined in exactly the same way as 
Procedure 8D1.1. Once the volume of the phase has been determined, the fugacity coefficient is 
determined using equation (8D1.6-2). 


b. 25 x.0,,a,, b. 
Ing; =f (Z-1) -In 2-a) -4[22eihyty 4 mn (1 +8) (8D1.6-2) 


Qa b Zz 
Where 
b; = volume constant of component i. 
a;; = temperature constant for an /j pair. 
aj; = energy constant for an éj pair. 
A = a p/R°T*. 
B = b p/RT. 


Ore = fugacity coefficient of component / in phase N. 
p = total pressure in pounds per square inch absolute. 


C. Equation Constants for Defined Components 
The equation constants for the defined components in a mixture are calculated from the critical 


temperature and pressure and the acentric factor. In terms of critical constants, a; and b; are given as 
equations (8D1.6-3) and (8D1.6-4). 


RT, 

a, = 0.42747 (8D1.6-3) 
Pe 
RT, 

b, = 0.08664 — (8D1.6-4) 
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a; = energy constant of component i. 
b; = volume constant of component i. 

T,, = critical temperature of component i in degrees Rankine. 

Pe; = Critical pressure of component / in pounds per square inch absolute. 
R = gas constant = 10.731 (psia) (cu ft) per (Ib-mole) (deg R). 


For all defined components ©; is given by equation (8D1.6-5). 


(- FP 
a, = 1S, (1- fh, #839 (8D1.6-5) 
ti 


Where: 


Se ae 
T,, = reduced temperature of component i = T° 
c. 


$1 ,.5S2, = pure component parameters for species i (Tables 8D 1.2-3). 
For components where Sy and S> are not available, S can be set equal to zero; and 5, may be estimated by 


S, = 0.48508 + 1.55171@, - 0.156137 (8D1.6-6) 


i 


Where: 
@; = acentric factor of component i. 


D. Equation Constants for Undefined Components 

The undefined components in a mixture must first be characterized as one or more pseudocompo- 
nents using the procedures of Chapters 2 through 4 of the Technical Data Book. It is assumed that 
some information is available for the undefined mixture (Watson K factor, average boiling point, 
distillation data, etc.). For each pseudocomponent, a pseudocritical temperature and pressure must be 
determined using Procedures 4D3.1 and 4D4.1 of the Technical Data Book. Also, an acentric factor 
must be obtained using Procedure 283.1 of the Technical Data Book. The procedure for determining 
equation constants for defined components can then be used to determine a; and b;. To determine the 
Q; parameter for each pseudocomponent, use equation (8D1.6-5) by setting S, equal to zero and 
determining S, from the acentric factor. In this way, the undefined components in the mixture are 
approximated as one (or more) single components. 


E. Equations for Composition Averaged Parameters 
The composition averaged parameters wa and b are calculated from equations (8D1.6-7) and 
(8D1.6-8). 


Ca = D454; 
b= }x,b, 


The cross mixture parameter 0.;;a;; is given by equation (8D1.6-8). 


O45; = (1 ky) [o,o,a,a, 


(8D1.6-7) 


(8D1.6-8) 


(8D1.6-9) 
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Where: 
kij = Interaction coefficient. 


In these equations, the pseudocomponents are treated as single components in the mixture. 


F. Interaction Coefficients 

Binary interaction coefficients for pairs of defined components can be obtained from Table 8D 1.4 
or estimated with equations (8D1.4-1) through (8D1.4-5) if possible. Interaction coefficients for 
pseudocomponent pairs and defined hydrocarbon/pseudocomponent pairs should be set equal to zero. 
For pseudocomponent interactions with inorganic gases, use equations (8D1.4-1) through (8D1.4-5). 
If solubility parameters are required to estimate the interaction coefficient, they may be calculated 
from the equation given in Table 8B1.7, where the heat of vaporization of petroleum fractions can be 
calculated from the methods of Chapter 7 and molecular weight can be approximated from Chapter 2. 
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Procedure 


The equilibrium K-values are determined in exactly the same fashion as Procedure 8D1.1. 

Step J: For the defined components, obtain the critical temperature, critical pressure, and acentric 
factor for each component from Chapter 1. 

Step 2: For the undefined pseudocomponents, use procedures in Chapters 2 through 4 to obtain the 
pseudocritical temperature and pressure and the acentric factor. 

Step 3: Obtain o,, a;, and b; from equations (8D1.1-3) to (8D1.1-6) for all components and 
pseudocomponents. 

Step 4: Obtain a set of initial K-values for the mixture based on ideal K-values, the graphical 
procedures in this chapter, or some other suitable source. 

Step 5: Based on the desired objective (equilibrium flash, dew, or bubble point) perform a flash 
calculation to obtain 7, P. y;, and x; based on the assumed K-values. 

Step 6: Using T and x; apply equations (8D1.6-7) through (8D1.6-9) with the appropriate k;; to 
obtain the mixture parameters ca and b in the liquid phase. 

Step 7: Repeat Step 6 for the vapor phase using 7 and y,. 

Step 8: Find the liquid and vapor phase volumes from equation (8D1.6-1) using the appropriate 
aa and b parameters. 

Step 9: Compute the fugacity coefficients of all components in both phases from equation 
(8D1.6-2). 

Step 10: Check fugacities to see if they match in both phases for each component. 


Step 11: If they do not match, adjust the estimated K-values and proceed to Step 5. If they do match, 
stop the calculation. 


COMMENTS ON PROCEDURE 8D1.6 


Purpose 


This procedure is to be used to estimate vapor-liquid equilibrium for mixtures of petroleum 
fractions and defined compounds. The undefined portion of the mixture is treated as one or more 
“pure” pseudocomponents which are characterized with pseudocritical temperatures and pressures 
and an acentric factor. Once this characterization is complete, the method is almost identical to 
Procedure 8D1.1. 


Limitations 


This procedure is limited to defined components and narrow boiling undefined mixtures. Typically, 
the boiling range of the undefined mixture should not exceed 300 F. Some characterization of the 
undefined mixture is required so that other procedures throughout this book can be used to determine 
critical properties and the acentric factor. 


Accuracy 


Treating an undefined mixture as a single component is a very course approximation. However, 
narrow boiling mixtures can be modelled in this way with a fair degree of accuracy. If distillation 
data are available, it is recommended that wider boiling mixtures be approximated as several 
pseudofractions to better model the mixture. Typical K-value errors for the undefined portion of the 


mixture are in the range of one to 20 percent. Errors for the defined components are of the same 
order as Procedure 8D1.1. 


Example 


Perform an equilibrium flash calculation for a mixture of hydrogen, hydrogen sulfide, and a narrow 


boiling hydrocracker fraction at 400 F and 1000 psia. Characterization data for the fraction are listed 
below. 


Characterization of Hydrocracker Fraction 


Boiling Range 150 F to 400 F 
Volume Average Boiling Point (VABP) 333.6 F 

Slope of ASTM Distillation Curve (10 to 90%) 2.0 

Molecular Weight 127.4 

Specific Gravity 0.797 
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The information listed above can be used to determine the necessary parameters of the fraction for 
this procedure. Figure 7C1.15 is used to obtain a heat of vaporization of 62.6 cal/gm. This is used with 
Procedure 8B1.7 to obtain a solubility parameter of 6.79 (cal/orm 2, Using Procedure 2B1.1, the 
mean average boiling point is 322.1 F. The pseudocritical temperature and pressure are determined 
using Procedures 4D3.1 and 4D4.1, respectively. The calculated critical properties are: 7, = 669.61 F 
and P. = 383.64 psia. Finally, Procedure 2B3.1 is used to calculate an acentric factor of 0.3617. The 
critical properties and acentric factors for hydrogen sulfide are obtained from Chapter 1, and those for 
hydrogen are listed in Procedure 8D1.1. To summarize, the necessary parameters are: 


T,(°R) P.(psia) 7) 
Hydrogen (1) 59.77 188.10 0.2200 
Hydrogen Sulfide (2) 672.12 1300.00 0.0827 
Fraction (3) 1129.28 383.64 0.3617 


The equation of state parameters a;, b;, and a; can now be calculated using equations (8D1.6-3) 
through (8D1.6-6). The constant S, which is used in equation (8D1.6-5) is determined using equation 
(8D1.6-6) because values for this parameter are not available in Table 8D1.2 for any of the mixture 
constituents. Values for the constant S, for hydrogen and hydrogen sulfide can be obtained from Table 
8D1.3; it is set equal to zero for the fraction. 

Two interaction parameters are considered non-zero. The hydrogen-fraction interaction coefficient 
can be determined by equation (8D1.4-5) (k,3 = 0.6857), and the hydrogen sulfide-fraction interaction 
coefficient is calculated using equation (8D1.4-1) (kz3 = 0.0629). All other interaction coefficients are 
set to equal zero. These coefficients are used to calculate the mixture parameters from equations 
(8D1.6-7) through (8D1.6-9). 

At this point at iterative flash calculation which is detailed in Procedure 8D1.1 is used to determine 
the equilibrium K-values of all components in the mixture. The results are 


K-Value 
Predicted Experimental 
Hydrogen . 10.68 11.99 
Hydrogen Sulfide 2.12 2.13 
Fraction 0.0755 0.0745 
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PREFACE 


Over the past four years the Technical Data Book-Petroleum Refining project staff at The 
Pennsylvania State University has revised the water-hydrocarbon and the hydrocarbon-water sections 
of Chapter 9. The Chapter 9 data banks were expanded, and procedures were added, deleted, and 
updated. Documentation Report No. 9-96, available from Global Engineering Documents, presents 
details of the Chapter revision including evaluations. 


Work on this chapter was primarily accomplished by Research Assistants Richard E. Pulley, 
Jr., James Ming-Jeng Guo, and Paul Hinderliter, with Research Aide Vincent M. Sedimyer under the 
project director, Thomas E. Daubert. The Technical Data Committee, Chapter 9 Task Group 
consisting of Calvin F. Spencer, The M. W. Kellogg Company as Chairman; Peter Nick, Unocal 
Corporation; and Vijay Sampath; Arco Products Company reviewed the work as it proceeded. 


Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 
December 1996 
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CHAPTER 9 
PHASE EQUILIBRIA IN SYSTEMS CONTAINING WATER 


9-0 INTRODUCTION 
Water Solubilities 

Water-containing systems of interest to the petroleum and natural gas industries involve all 
three states: vapor, liquid, and solid. These systems are characterized by partial miscibility in the 
liquid phase under certain conditions. Sources of phase equilibria data for water-hydrocarbon 
systems are listed in Table 9-0.2. A partial listing of sources of data for solubilities of 
nonhydrocarbon gases in water is given in Table 9-0.3. 
Water-Hydrocarbon Mutual Solubilities 

In all binary water-hydrocarbon systems, the complete phase relations are described by a 
three-dimensional pressure-temperature-composition diagram. As an example of the solubility 
relationships, pressure-composition slices at three different constant temperatures are shown in 
Figure 9-0.1. In each, the solubilities (liquid-phase composition) are given by the heavy lines. As 
indicated, these solubilities occur at low pressures in a vapor-liquid equilibrium system and at high 
pressures in a liquid-liquid equilibrium system. At an intermediate (three-phase) pressure, vapor- 
liquid-liquid equilibrium occurs. With the three phases present in the binary system, only one 
degree of freedom (rather than two) exists, and a unique three-phase solubility and a unique 
pressure result for each temperature. This three-phase pressure may be closely approximated in 
binary water-hydrocarbon systems by adding the vapor pressures of the two pure components at 
the existing temperature. The three-phase solubilities for water in a number of hydrocarbons are 
given in Procedure 9A1.1 and for hydrocarbons in water in Procedure 9A2.1. The solubilities of 


some solid, polynuclear aromatics in water are given in Procedure 9A2.3, and the solubilities of 
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water in liquid hydrocarbon mixtures are given in Procedure 9A1.3. Procedure 9A1.5 is used to 
calculate the solubility of water in pure hydrocarbons and hydrocarbon mixtures whenever 
Procedures 9A1.1 and 9A1.3 cannot be used. The solubility of hydrocarbons in water under 
vapor-liquid-liquid equilibrium conditions at 77 F is given in Procedure 9A2.6. 

As shown in Figure 9-0.1, pressure has an appreciable influence on solubility in the vapor- 
liquid region and a very small influence in the liquid-liquid region. Thus, although Procedure 
9A1.1 and Procedure 9A2.1 are directly applicable only to vapor-liquid-liquid equilibrium, the 
procedures are good approximations of the solubility at pressures above the sum of the vapor 
pressures of the components where only two liquid phases exist. Procedure 9A2.3 is equivalent 
to Procedure 9A2.1--the only difference is that the hydrocarbon-rich phase is solid in this case. 
The influence of pressure on the solubilities is even smaller here. The equilibrium phases are 
hydrocarbon-rich solid in equilibrium with water-rich liquid with or without a vapor phase. 

Small amounts of impurities or minor components can seriously alter the solubility 
characteristics of a mixture. For example, if a small amount of an aromatic hydrocarbon (which 
has a relatively strong affinity for water) is present as an impurity in a predominantly paraffin 
system, the mutual solubility with water will be increased far more than would be predicted from a 
molar average solubility for the hydrocarbons. More regular behavior is expected for mixtures of 
hydrocarbons from a single homologous series. 

Solubilities of Hydrocarbons and Nonhydrocarbons Gases in Water 

The water content of natural gases in contact with liquid water at 60 F and 14.7 psia is 
given in Procedure 9A3.1 along with a salinity correction factor. The salinity correction factor is 
to be used when salt is in the liquid-water phase. The solubility of hydrocarbons in aqueous salt 


solutions is given in Procedure 9A5.1. Procedure 9A6.1 is a computer method for phase 
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equilibrium calculations for water-hydrocarbon systems using the modified Soave-Redlich-Kwong 
equation of state. 

Henry's constants for selected gases in water are given in Procedure 9A7.1. This 
procedure is only valid for low and intermediate pressures. Equilibrium concentrations of binary 
and ternary sour gas systems in water are given in Procedure 9A7.3, and the pH of ammonia and 
hydrogen sulfide in water is given in Procedure 9A8.1. 

Salt Effects on Solubilities of Hydrocarbons and Nonhydrocarbon Gases in Water 

Salt effects on the solubilities of nonelectrolytes in water are very complex and difficult to 
model. Most salts have a salting-out effect on nonpolar solutes (i.e., the solubility of the solute 
decreases as the salt concentration increases), but some salts have the reverse effect. Fora polar 
solute, the effect of each salt is different. Solubilities in water as a function of salt concentration 
can generally be correlated by an empirical relationship known as the Setschenow equation (172a, 
266a). 

Table 9A5.2 gives the literature sources and Setschenow constants for solubilities of 
hydrocarbons in different aqueous salt solutions. Table 9-0.4 gives a partial listing of literature 
sources for the salt effects on solubilities of nonhydrocarbon gases in water. 

Gas Hydrates 

In the most common water-light-hydrocarbon phase equilibria, which involve a solid 
phase, the solid phase is a gas hydrate. The hydrate has a network of hydrogen-bonded water 
molecules with small cavities distributed throughout the solid structure in a well-defined pattern. 
The structure is stabilized only when some or all of the cavities contain small "solute" molecules 
which interact feebly with the water through forces similar to those between molecules in a liquid. 


The gas hydrate is not a chemical compound; it is a clathrate inclusion compound. 
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Two different structures exist (Types I and II) each having two different-size cavities. 

The smallest size solute molecules (top group of Table 9-0.5) fit into all the cavities in Structure I, 
slightly larger molecules (middle group of Table 9-0.5) fit into only the large cavities in Structure 
I, and larger molecules (bottom group of Table 9-0.5) fit into the large cavities of Structure I. A 
Structure I hydrate will not form with all the cavities filled by a single solute. However, when a 
small molecule with strong hydrate-forming tendencies (such as hydrogen sulfide) is present, it 
can fit into the small and some of the large cavities to stabilize a Structure IJ hydrate containing 
large molecules (Table 9-0.6) which would not otherwise form a hydrate. Molecules larger than 
those in Table 9-06 will not form hydrates because the water molecules encaging the solute would 
be too distant to form the hydrogen bonds that stabilize the structure. 

As indicated in Table 9-0.5, there exists for each group in the table a theoretical 
composition that pueouts to the definite ratio of filled cavities to water molecules in the 
structure. Experimentally determined compositions generally indicate the presence of slightly 
more water per mole of solute than predicted from the structure. This implies that more cavities 
than predicted are empty and that these clathrates are potentially nonstoichiometric compounds. 
The composition is relatively insensitive to pressure-temperature conditions, but a small effect has 
been reported. 

Since hydrate composition is fairly constant, the phase relations can be described by two- 
dimensional pressure-temperature diagrams (see Figure 9-0.7) which are constant-composition 
slices from the complete shiee-dimensional cube. In these three diagrams, the hydrate region is in 
the low-temperature, high-pressure area to the left of the heavy lines. If the overall composition 
is that of the hydrate (F,), hydrate alone will exist in this region, whereas if either excess water 


(e.g., overall composition F,) or excess solute (e.g., F,) is present, the excess will appear with the 
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hydrate. The excess component will exhibit phase relations almost as if it were pure, so that a 
water melting-point line extends into the hydrate region for overal] composition F,, and the vapor 
pressure curve for the solute extends into the hydrate region for F,. Similarly, outside the hydrate 
forming region, the interactions between solute and water are so small that only very small 
melting-point depressions and boiling-point elevations are exhibited, and the phase relations are 
essentially those of the pure components. 

The upper quadruple point, where hydrate coexists with vapor solute, liquid solute, and 
liquid water, is called the critical decomposition point. The implications of this title are 
misleading because hydrates actually can be made to coexist with liquid water and liquid solute 
above this critical decomposition temperature (T,,) by using very high pressures. 

The phase diagrams shown in Figure 9-0.7 are general for all systems except those 
containing compounds that have critical temperatures below room temperature. In this case, the 
solute cannot be liquefied to give an upper quadruple point, so no critical decomposition point 
Occurs. 

Hydrate systems typically exhibit strong metastable tendencies, so that it is difficult to 
initiate hydrate formation in the absence of the common nucleating influences such as excess 
pressure, supercooling, agitation, and seeding. Similarly, the hydrate phase will occasionally 
persist in regions where decomposition is favored. Nucleation occurs most readily when the 
water phase is liquid, but hydrates will also form in systems containing solid or vapor water. The 
latter case can occur in natural gas transmission pipelines. As the water concentration of the 
system becomes progressively smaller (F;, F,, F,, F,), the dew-point pressure ts increased (see last 
diagram in Figure 9-0.7) until the dewpoint line extends into the hydrate region. Below this line 
in the hydrate region, the hydrate can be formed directly from vapor solute and vapor water. 


1997 9-5 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 14:33:25.3 


STD-API/PETRO TDB CHAPTER 9-ENGL 19952 MM O732290 OSbb84? lic 


Hydrate formation conditions for a number of binary systems containing water and 
hydrocarbons or related compounds are presented in Figures 9B1.1 and 9B1.2. Additional data 
for ternary systems containing two solutes are available in the literature (see Table 9-0.8). 
Procedure 9B1.3 calculates the formation conditions for natural gases of various specific gravities 
relative to air. Since specific gravity does not satisfactorily characterize the composition of a 
natural gas, this procedure is accurate only to about 10 percent, and errors of 40 percent in 
predicting formation pressures are possible. 

Hydrate formation conditions may also be predicted accurately by the computer method 
given in Procedure 9B2.1. This procedure is complex and should be used only if many 
predictions will be made. (A version of this method is available on the Time-Share System as the 
proprietary Peng-Robinson hydrate program. It is equivalent in accuracy to Procedure 9B2.1 for 
multicomponent systems. ) 

Hydrates are known primarily as nuisances that block natural gas pipelines. In a pipeline, 
hydrate formation conditions can be reached when the gas is cooled as a result of expansion 
through a valve or some other constriction. Graphic correlations for determining the permissible 
expansions of natural gases of various specific gravities have been developed by Katz (67b) from 
Mollier diagrams and K charts. These charts (Figures 9B1.13 through 9B1.16) permit a very - 
rapid determination of the amount of expansion (AH = 0) that can occur in natural gases before 
hydrate formation conditions are reached. 

Further information on gas hydrates is available in a number of reviews (9b, 10b, 14b, 16b, 
20b, 26b-28b, 31b, 60b, 63b, 66b, 93b, 103b, 111b, 1115b, 116b, 139b, 144b). The following are 
particularly comprehensive: Schroeder (111b), Deaton and Frost (31b), Parent (93b), Katz et al. 


(68b), Van der Waals and Platteeuw (144b), Kase (66b), and Byk and Fomina (16b). 
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Hydrate formation in gas pipelines may be avoided by addition of a suitable inhibitor such 
as methanol, ethylene glycol, or diethylene glycol. Figures 9-0.9 and 9-0.10 are presented as 
typical examples of the higher pressures which may be used without danger of hydrate formation 
when inhibitors are present. 

Use of Procedure 9B2.1 requires knowledge of gas phase compositions on a water-free 
basis. However, recent research shows that water content of gases is an important factor in 
determining whether or not hydrates will form. Information and data for water content of 
methane and natural gases are found in References Ic and 35c. 

More information on dehydration can be located in References 1c-36c. This list is not 
complete, and additional information sources on dehydration are given in References 31b, 10c, 
and 28c. 

A comprehensive evaluation by T. E. Daubert of the GPA/SIM, Equiphase, 
GPA/AQUASIM, and API/HYDRATE programs with an extensive data base was published by 
the Gas Processor's Association (150b) and should be consulted for both recent data and 
evaluations. 

Recent work and a prediction method CSMHYD on hydrates are given in a monograph by 


E. D. Sloan, Jr. (151b). 
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47a 
57a 
59a 
62a 
72a 
94a 
157a 
183a 
194a 
201a 
216a 
313a 


47a 
50a 
57a 
58a 
60a 
60a 
183a 
20la 
205a 
234a 
296a 


13a 

47a 

146a 
146a 
146a 
183a 
20la 
221a 
291a 
296a 
310a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
n-Butane 100-220 1000-10000 6 3 35a 
68-86 14.7 1 1 47a 
671-687.2 3750-16000 6 3 60a 
100-280 20-1000 1 1,3,4 160a 
51-169 14.7 1 1 201a 
100-305.6 52-637.5 5 4,2 235a 
100-460 20-10000 4,6,7 1,3,4 236a 
37-66 14.7 ] 1 243a 
41-113 14.7 1 l 296a 
2-Methylpropane (isobutane) 44-71 2 4 26a 
77 | 4 183a 
100-220 10-310 I l 239a 
n-Pentane 41-77 14.7 2 3 26a 
572-665 2200-10000 1 1,3 Sla 
64 ] 4 86a 
100-400 120-2000 1 1 94a 
101-302 17-308 6 4 94a 
418-550 970-2700 2,6 4 106a 
77 1 4 183a 
68-159 I 4 206a 
32-77 6 4 223a 
32-376.8 2 4 223a 
77-300 1 4 227a 
39-86 1 4 268.14a 
32-86 1 3 272a 
32-77 2 3 272a 
63-102 2-4 1 1 310a 
77 ] 4 268.15a 
59-95 1 4 268. 16a 
41-95 ] 4 268.21a 
2-Methylbutane (isopentane) 42-71 14.7 2 3 26a 
32-68 2 4 J6a 
77 1 4 160a 
77-140 | 4 267a 
32-77 2 3 272a 
32-77 1 3 272a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
68-140 1 6 268.1la 
77 I 4 268.17a 
n-Hexane 180-430 30-400 5 2 4la 
68 2 4 76a 
50-432 2 4 90a 
140 1 4 160a 
77 ] 4 183a 
50-431.5 2 4 223a 
77-305 | 4 227a 
420-700 670-3220 4,5,6,7 1,2,3,4 237a 
77 2 4 245a 
392-428 290-711 2 2 268 .3a 
392-428 711-11386 2 2 268.4a 
68 2 4 268.24 
77 2 4 268.5a 
68 2 4 268 .6a 
32-77 2 3 272a 
32-13] 1 3 272a 
200-434 l 4 288a 
77-392 2 4 288a 
39.2-13] 1 4 268.14a 
59-95 1 4 268. 16a 
77-305 ] 4 268.174 
635.3-684.8 1 3 268 18a 
2-Methylpentane 77 1 4 183a 
77-301 ] 4 227a 
32-77 3 272a 
3-Methylpentane 77 1 4 183a 
32-77 3 272a 
2,2-Dimethylbutane 77 I 4 183a 
77 1 4 227a 
2,3-Dimethylbutane 32-122 2 4 76a 
77-301 ! 4 227a 
32-77 6 3 272a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
square inch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium” Reference 
n-Heptane 50-200 2 4 223a 
77-303 1 4 227a 
59-368 1 4 268a 
77-104 2 4 268.7a 
77-113 1 3 272a 
32-77 2 3 272a 
59-95 I 4 268. 16a 
160.7-386.6 1 4 268.19a 
2-Methylhexane 50-86 4 76a 
77 1 4 227a 
3-Methylhexane 32-77 6 3 272a 
2,2-Dimethylpentane 77 1 4 227a 
2,3-Dimethylpentane 77 1 4 227a 
2,4-Dimethylpentane 77 1 4 183a 
32-77 1,2 3 272a 
3,3-Dimethylpentane 77-303 ] 4 226a 
2,2,3-Trimethylbutane 32-122 2 4 76a 
n-Octane 100-535 6 4 32a 
50-510.7 2 4 223a 
77-300 ] 4 227a 
59-95 1 4 268. 16a 
437-509 $08-11386 2 2 268.4a 
32-77 l 3 272a 
32-77 2 3 272a 
510.7 1075 2 4 288a 
300-531 97-1320 6,7 3,4 305a 
2,4-Dimethylhexane 50-86 2 4 76a 
2,2,4-Trimethylpentane 50-68 2 4 76a 
434-490 265-915 2,5,7 5 106a 
77 1 4 183a 
9-12 1997 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 1:4:3°3'235.33 


STD-API/PETRO TDB CHAPTER 4-ENGL 1992 Mm O?32¢°90 OSbb445 S?7 


9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
square inch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
40-75 2 4 208a 
32-77 6 3 272a 
2,3,4-Trimethylpentane 32-77 6 3 272a 
n-Nonane 157-278 1 4 227a 
77-200 2 4 259a 
59-68 I 4 268.16a 
2,2,5-Trimethylhexane 77 ] 4 183a 
32-77 6 3 272a 
n-Decane 77-304.7 2 4 259a 
302-590 75-11386 2 2 268.3a 
437-554 421-11386 2 2 268.6a 
n-Hexadecane 482-617 5366-11386 2 2 268 4a 
n-Eicosane 77 1 4 280a 
n-Hexacosane 77 ] 4 280a 
Naphthenes 
Cyclopropane 70-220 14.7-3500 ] 1] 127a 
Cyclopentane 389 j 4 109a 
77 ] 4 183a 
77-308 1 4 227a 
77 1 3 272a 
Methylcyclopentane 243-389 ] 4 109a 
77 ] 4 183a 
77 ] 3 272a 
Ethylcyclopropane 159-397 1 4 109a 
n-Propyicyclopentane 77 ] 4 227a 
1,1,3-Trimethylcyclopentane 77 ] 4 227a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
Cycichexane 68-112 2 4 23a 
202-460 25-400 5 2 4la 
59-86 2 4 97a 
50-104 2 4 99a 
77-324 1 4 109a 
347-500 200-1100 § 2 lléa 
68-482 2 4 129a 
392-482 406-11386 2 2 129a 
77 2 4 133a 
100-280 14.7-450 1 3 153a 
77 1 4 175a 
77 1 4 183a 
347-482 95-3400 2,4,5,6,7 4 237a 
77 2 4 245a 
392-482 406-11386 2 2 268.4a 
41-133 1 4 268a 
61-77 1 3 272a 
57-128 2 4 284a 
212-493 395-1164 ] 4 288a 
104-392 2 4 288a 
77 2 4 268. 15a 
77 2 4 268. 16a 
392-482.0 2 4 268.4a 
77-429 1 4 268.27a 
36.6-299.3 3786-25266 1 3 268.28a 
41-113 l 4 268.21a 
68 ] 4 268.2a 
68 1 4 268.23a 
77 1 4 268.24a 
Methylcyclohexane 315-419 1 4 109a 
77 | 4 129a 
77 l 4 183a 
77-301 l 4 227a 
77 1 3 272a 
77 1 4 268.15a 
Ethylcyclohexane 101-550 17-1280 6 4 32a 
174-415 1 4 110a 
300-500 100-1495 1,3,7 3 305a 
9-14 1997 
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System 


}-crfs-2-Dimethylcyclohexane 
n-Butylcyclohexane 


Olefins 
Ethene (Ethylene) 


Propene (Propvlene) 


1-Butene 


1-Pentene 
2-Pentene 


2-Methyl-2-butene 


1-Hexene 


2-Methy]-1-pentene 
4-Methyl-1-pentene 


1-Heptene 


1997 


Table 9-0.2 (Continued) 


Temperature 
Range (F) 


77 
300-530 
95-216 
100-250 
302-572 
70-220 
100-280 
100-160 
100-198 
334-662 
100-291.2 
100-310 
77 

77 

77 
68-140 
104-140 
59-77 


100-430 


68-86 
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Pressure 
Range 
(pounds per 
square inch 
absolute) 


73.5-1031 


122-7701 
14.7-300 
1450-10000 


14.7-500 
50-5000 
300-4500 
1450-43512 


10-1000 
500-10000 


tot famed et ON 


Region of 
Equilibrium? 


Information Handling Services, 


9-0.2 


Reference 


183a 


32a 


30a 
6la 
254a 


l4a 

166a 
166a 
166a 
254a 


36a 
164a 
183a 
183a 
183a 
268.1a 
268.1la 
268.20a 
32a 
129a 
183a 
272a 
268 .20a 
183a 
183a 


268.20a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data’? Equilibrium? Reference 
2-Heptene 77 i 4 183a 
1-Octene 100-530 95-1343 6 4 32a 
_1-Decene 59-77 I 4 268.20a 
Diolefins 
1,3-Butadiene 37-69 2 4 26a 
-40-140 2 4 102a 
-4-98.6 2 4 196a 
100-220 10-275 ] I 240a 
2-Methyl-1.3-butadiene 68-140 6 4 268. 1a 
1,4-Cyclohexadiene 77 1 4 183a 
Acetylenes 
Ethyne (Acetylene) 60-80 70-550 ] ] 123a 
Propyne (Methylacetylene) 70-220 5-200 1 ] 128a 
Aromatics 
Benzene 213-399 42-467 6 4 4a 
77 1 4 Sa 
50 2 4 26a 
41-108 I 4 27a 
40-67 I 4 38a 
187-440 25-400 ued 2 4la 
70 2 4 48a 
$00-572 1470-9733 | 1,3,4 5la 
32 2 4 76a 
41-102 | 4 84a 
50-104 2 4 99a 
37-171 2 4 104a 
50-490 ] 4 108a 
41-157 2 4 l21a 
437-560 682-11386 2 2 129a 
77 2 4 133a 
59-95 2 4 139a 
77 ] 3 143a 
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Table 9-0.2 (Continued) 


Temperature 
System Range (F) 


100-280 


100-460 
104-212 
104-515 
77-131 


Methylbenzene (Toluene) 211-393 


1997 
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Pressure 
Range 
(pounds per 
square inch 
absolute) 
14.7-825 


682-11386 


300-2800 


682-11386 


3600 


1014-5014 
4.4-438 
4.4-1366 
14.5-9065 


22.2-343 


2131-6689 


14.7 


[Oe ee OO OE Oe Oe or a a a re. 


9-0.2 


Region of 
Equilibrium? Reference 


155a 
168a 
168a 
183a 
203a 
23,4 238a 
245a 
248a 
268 4a 
272a 
272a 
268 .2a 
268.1la 
268.12a 
286a 
288a 
289a 
268.22a 


Lv>) 
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— 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
Ethylbenzene 77 ] 4 6a 
33-109 1 4 27a 
101-535 16.1-1246 6 4 32a 
40-67 ] 4 38a 
60-452 1 4 110a 
77 I 4 145a 
77 1 4 183a 
11-149 2 4 197a 
95-149 ] 4 197a 
68-77 ] 4 2684 
59-113 14.7 ] 1 255a 
64-122 2 3 272a 
32-77 I 3 272a 
77 1 4 281a 
563 1549 2 4 288a 
563 l 4 288a 
300-531 87-1200 6 3 305a 
86-212 20-33 1 3 268.3a 
1,2-Dimethylbenzene (o-Xylene) 77 ] 4 Sa 
50-86 2 4 76a 
77-484 1 4 108a 
77 I 4 183a 
0-110 2 4 208a 
$9-113 14.7 l ] 255a 
32-77 2 3 272a 
32-77 l 3 272a 
77 1 4 281a 
1,3-Dimethylbenzene (m-Xylene) 257-392 40.8-29] 6 4 4a 
77 | 4 Sa 
33-103 i 4 27a 
77 1 4 108a 
153-519 1 4 230a 
$9-113 14.7 ] 1 255a 
32-158 6 3 272a 
77 1 4 281a 
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System 


1,4-Dimethylbenzene (p-Xylene) 


n-Propylbenzene 


Isopropylbenzene (Cumene) 


1,2,4-Tnmethylbenzene 


1,3,5-Trimethylbezene 
(mesitylene) 


1,2,3-Trimethylbenzene 


n-Butylbenzene 


sec-Butylbenzene 


tert-Butylbenzene 


1997 


Table 9-0.2 (Continued) 


Temperature 
Range (F) 


77 
58-109 
286-336 
109-541 
59-113 
77 
32-77 
77 
86-212 


59-432 
77-113 
59 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 2000 143° 3'235.33 


Pressure 
Range 
(pounds per 
square inch 
absolute) 


14.7 


14.7-30 


14.7 


14.7 


14.7 


20-35 


14.7 


20-35 


Region of 
Equilibrium? 


WW We BH DP LH 


GB) — 


h&eAhLL 


9-0.2 


Reference 


Sa 

27a 
108a 
230a 
255a 
268.13a 
272a 
281a 
25d 


110a 
255a 
272a 


6a 
76a 
98a 
255a 
280a 


183a 
255a 


76 

255a 
268.25a 
25d 
255a 

76 
268.26a 
272a 


272a 
25d 


76 
227a 


76 


Information Handling Services, 2000 


9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data" Equilibrium” Reference 
1-Methyl-4-isopropylbenzene 77 1 4 268a 
(p-Cymene) 
m-Diethylbenzene 100-530 73.7-1026 6 4 32a 
1,2,4,5-Tetramethylbenzene 77 1 4 227a 
n-Hexylbenzene 77 l 4 268.29a 
41-842 1 3 272a 
p-Duisopropylbenzene 100-530 6 4 32a 
Ethenylbenzene (styrene) 44.6-149.0 1 4 156a 
42.8-113 2 4 156a 
Naphthalene 77 1 4 Sa 
32-109 1 4 27a 
77 1 4 74a 
77 1 4 145a 
77 ] 4 176a 
77 ] 4 182a 
46-90 ] 4 262a 
32-167 ] 4 294a 
1-Methylnaphthalene 77 1 4 74a 
32-122 2 4 J6a 
77 ] 4 176a 
46-90 ] 4 262a 
2-Methylnaphthalene 77 1 4 74a 
77 1 4 176a 
1,3-Dimethylnaphthalene 77 1 4 176a 
1,4-Dimethylnaphthalene 77 1 4 176a 
1,4-Dimethylnaphthalene 77 ] 4 74a 
77 1 4 176a 
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System 


2,3-Dimethyinaphthalene 


2,6-Dimethylnaphthalene 


1-Ethylnaphthalene 


2-Ethylnaphthalene 
1,4,5-Tnmethylnaphthalene 
Tetrahydronaphthalene (Tetralin) 


Bipheny] 


Fluorene 


Diphenylmethane 


Phenanthrene 


1-Methylphenanthrene 


trans-Stilbene 


1997 


Table 9-0.2 (Continued) 


Pressure 

Range 

(pounds per 

square inch 
Temperature absolute) 
Range (F) 


77 
77 


77 
77 


77 
4-90 


77 
77 


302-482 
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Region of 
Equilibrium? 


4 
4 


4 
4 


ADH AA HA AL te 


bb 
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Reference 


74a 
176a 


74a 
176a 


176a 
262a 


9-21 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium” Reference 
Bibenzyl 77 ] 4 6a 
1,1-Diphenylethylene 77 | 4 6a 
Anthracene 77 ] 4 145a 
77 I 4 176a 
41-84 ] 4 18la 
77-84 ] 4 182a 
46-90 1 4 260a 
32-167 | 4 294a 
2-Methylanthracene 77 ] 4 176a 
43-88 ] 4 18la 
77 ] 4 182a 
9-Methylanthracene 77 1 4 176a 
9,10-Dimethylanthracene 77 ] | 4 176a 
Triphenylene 77 1 4 145a 
77 1 4 176a 
Pyrene 77 ] 4 145a 
77 ] 4 176a 
77-84 1 4 182a 
54-90 I 4 262a 
32-167 ] 4 294a 
Benz(e)pyrene 46-90 1 4 262a 
Fluorene 77 ] 4 145a 
77 1 4 176a 
77-84 1 4 182a 
1,2-Benzofluorene 77 1 4 176a 
2,3-Benzofluorene 77 1 4 176a 
Chrysene 77 ot 4 145a 
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System 


Naphthacene 


1,2-Benzathracene 


7,12-Dimethyl-1],2-benzanthrene 


1,2,5,6-Dibenzanthracene 


Acenaphthene 


Perylene 


3,4-Benzopyrene 
3-Methylcholanthrene 


Benzo(g.h.7)perylene 


Coronene 


Miscellaneous Hydrocarbons 


Indan 


Decahydronaphthalene (Decalin) 


Cyclohepatriene 


]-Methyl-2-phenylcyclopentane 


1997 


Table 9-0.2 (Continued) 


Pressure 


Range 


(pounds per 
square inch 
Temperature absolute) 


Range (F) 


77 
7784 


32-167 


77 
77 


68-104 
575 1515 


86-122 
77 


50-86 
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4 
4 
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Reference 


176a 
182a 


145a 
176a 


145a 
176a 
182a 
176a 
14Sa 
74a 

176a 
294a 
176a 
176a 
176a 
176a 
176a 
176a 
227a 


76a 
106a 


76a 
183a 


76a 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
squareinch Type 
Temperature absolute) of Region of 
System Range (F) Data* Equilibrium? Reference 
2-Ethy]-2-phenylcyclopentane 30-86 2 4 76a 
1-Phenyl-2-methyl-1- 86 2 4 76a 
cyclopentene 
1-Phenyl-5-methyl-1- 86 2 4 76a 
cyclopentene 
Bicyclodecane 77 | . 4 227a 
d-Limonene 77 ] 4 179a 
Water and Petroleum Fractions 
Kerosine 30-140 2 4 52a 
230-500 36-780 2 3 103a 
28-194 2 4 104a 
Naphtha 318-432 83-400 2 ‘3 103a 
Lubncating oil 250-540 34-1000 2 3 103a 
JP-3 fuel 0-140 2 4 152a 
JP-4 fuel -10-140 2 4 52a 
Gasoline 104-285 2 4 2a 
69-131 2 4 48a 
-10-80 2 4 52a 
44-104 2 4 68a 
Wyoming Farmers whole crude 77-325 ] 4 227a,228a 
Flower Comm. whole crude 77-360 1 4 227a, 228a 
Louisiana State whole oil 77-356 1 4 227a, 228a 
Amoseas Lake topped oil 77-356 1 4 227a, 228a 
Reedy Creek topped oil 77-356 l 4 227a, 228a 
9-24 1997 
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9-0.2 
Table 9-0.2 (Continued) 
Pressure 
Range 
(pounds per 
square inch Type 
Temperature absolute) of Region of 
System Range (F) Data’ Equilibrium? Reference 
Alaska topped oil 77-355 1 4 227a, 228a 
Union Moonie topped oil 77-360 ] 4 227a, 228a 
No. 2 distillation fraction Ghawar 77-356 1 4 227a, 228a 
crude oil (270-380 F fraction) 
No. 3 distillation fraction Ghawar 77-363 ] 4 227a, 228a 
crude oil (380-459 F fraction) 
No. 4 distillation fraction Ghawar 77-356 ] 4 227a, 228a 
crude oil (450-601 F fraction) 
No. 5 distillation fraction Ghawar 77-360 ] 4 227a, 228a 
crude oil (601-700 F fraction) 
Water and Defined Hydrocarbon 
Mixtures 
Methane/n-butane 100-280 200-1912 7 4 189a 
n-Butane/]-butene 100-280 50-560 7 4 295a 
Methylbenzene-naphtha 525-576 1600-3000 6 3 lla 
Ethylene/ethane 100-280 200-5000 4 ! 8a 
Benzene/n-hexane 77 | 4 163a 
Benzene/2-methylpentane 77 ] 4 163a 
Benzene/}-hexene 77 1 4 163a 
Cyclohexane/n-hexane 77 l 4 163a 
Cyclohexane/2-methylpentane 77 1 4 163a 
Cyclohexane/]-hexene 77 1 4 163a 
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Table 9-0.2 (Continued) 


Type of Data 

*1 = Solubility of hydrocarbon in the water-rich liquid. 
2 = Solubility of water in the hydrocarbon-rich liquid. 
3 = Composition of the vapor phase. 

4= ] and 3 at the same conditions. 

5 =2 and 3 at the same conditions. 

6 = 1 and 2 at the same conditions. 

7 = 1,2, and 3 at the same conditions. 


Region of Equilibrium 
>] = Water-rich liquid-vapor equilibrium region. 

2 = Hydrocarbon-rich liquid-vapor equilibrium region. 

3 = Water-rich liquid-hydrocarbon-rich liquid equilibrium region. 

4 = Water-rich liquid-hydrocarbon-rich liquid-vapor equilibrium region (except for some heavy aromatics for 
which the equilibrium is between water-rich liquid, solid hydrocarbon, and vapor). No entry is made in 
the pressure range column for most of the data in this equilibrium region. In those cases, the study was 
performed at the vapor pressure of the system or at atmospheric pressure (in case of some heavy 
hydrocarbons) in an open-to-air system. 
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Table 9-0.3 


LITERATURE SOURCES OF DATA FOR SOLUBILITY OF 
NONHYDROCARBON GASES IN WATER 


Gas 

Methyl Mercaptan 
Ethyl Mercaptan 
Carbon Disulfide 


Carbonyl Sulfide 


Oxygen 


Hydrogen 


Hydrogen Sulfide 


1997 
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Temperature 


Range (F) 
100-600 
438-600 
400 

400 


37-95 
32-146 
43-73 
59-77 
77 

68 
45-86 
a7 
212-325 
43-75 
212-550 
68-158 


32-212 
41-77 
39-75 
59-77 
68 
70-77 
77 
212-325 
32-122 
32-140 
100-600 


77 
32 
32-140 
41-140 


Pressure Range 
(pounds per 
square inch 
absolute) 


44-2067 
244-1929 
291.75 
291.75 


14.7° 
2-17 
14.7 
14.7 
3-17 
14.7 
12-16 
14.7 
195-1410 
14.7 
14.7 
14.7 


8.9-15 
14.7 

14.7 

14.7 

14.7 
25-58 
14.7 
205-1455 
13-17 
14.7 
37.8-1990? 


14.7 
14.7 
14.7 
5-72 


Information Handling Services, 


Reference 
("Partial 
Pressure) 


24d 
24d 
24d 
24d 


Id 

7d 

9d 

20d 
36d 
37d 
42d 
43d 
53d 
63d 
64d 
83d 


7d 

8d 

9d 

20d 
37d 
40d 
41d 
64d 
82d 
85d 
22d 


33d 
56d 
85d 
86d 
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9-0.3 
Table 9-0.3 (Continued) 
Pressure Range 
(pounds per Reference 
Temperature square inch ("Partial 
Gas Range (F) absolute) Pressure) 
100-340 100-3000 60d 
320-626 94-3100 34d 
100-600 48.9-1139° 22d 
300-600 96.8-2646’ 23d 
Nitrogen 38-95 14.7 id 
32-212 2.9-13 7d 
41-77 14.7 8d 
39-75 14.7 9d 
99.5 14.7 27d 
100.4 13.8-89 28d 
64-82 25-68 40d 
77 14.7 43d 
124.7 1470-81820 $id 
124-257 1480-8940 $2d 
68 14.7 65d 
66-176 14.7 83d 
32-336 1470-4410 27d 
77-212 367-14700 75d 
100-600 38.2-1995? 22d 
Ammonia 32 0.3-38 57d 
-77-355 0.3-290 11d 
176-248 6.9-29 79d 
Carbon Monoxide 42-72 14.7 9d 
68 14.7 37d 
32-176 14.7 84d 
100-600 38-1995° 22d 
Carbon Dioxide 660-700 135-1330? 13d 
122-392 20-1330? 88d 
68-100 14.7 3d 
32-142 14.7 6d 
40-72 14.7 Od 
59.9 13.9 10d 
77 14.7 16d 
aT 5-15 17d 
77 14.7 18d 
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9-0.3 
Table 9-0.3 (Continued) 
Pressure Range 
(pounds per Reference 
Temperature square inch (Partial 
Gas Range (F) absolute) Pressure) 
59-77 14.7 20d 
77 14.7 26d 
75-81 22-51 40d 
65-79 14.7 45d 
$3-170 1-14 49d 
77 14.7 50d 
32 14.7 56d 
77 14.7 59d 
59-115 10-17 61d 
32-140 14-440 87d 
68-100 14.7 67d 
32-140 14.7 85d 
68-95 370-1120 70d 
122-662 2300-51500 66d 
60-500 69-2912? 23d 
Sulfur Dioxide 77 14.7 19d 
50-90 0-0.5 53d 
86-158 0.78-32° 4d 
Helium 220-530 50-145 54d 
32-122 14.7 2d 
100.4 14-90 31d 
36-86 14.7 68d 
32-122 14.7 85d 
40-164 14.7 44d 
Argon 32-122 14.7 2d 
32-122 14.7 68d 
32-122 14.7 85d 
51-160 14.7 44d 
77-550 54-430? 54d 
93-564 193-325? 12d 
Neon 32-122 14.7 2d 
48-165 14.7 44d 
71-519 235-344? 12d 
158-543 122-183? $4d 
1997 g8 
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9-0.3 
Table 9-0.3 (Continued) 
Pressure Range 
(pounds per Reference 
Temperature square inch ("Partial 
Gas Range (F) absolute) Pressure) 
Krypton 141-482 220-393? 12d 
32-122 14.7 2d 
33-68 14.7 35d 
33-122 14.7 68d 
44-167 14.7 ' 44d 
Xeon 142-398 94-539? 12d 
32-122 14.7 2d 
104-575 94-270 64d 
32-122 14.7 68d 
55-161 14.7 44d 
Nitrous Oxide 46-75 14.7 28d 
77 14.7 38d 
38-76 14.7 58d 
qt 14.7 59d 
32-68 14.7 85d 
50-77 14.7 20d 
Nitric Oxide 32-176 14.7 84d 
Chlorine 50-77 0.8-14.7 76d 
Bromine 32-140 14.7 85d 
Iodine 68 14.7 32d 
32-223 14.7 69d 
9-30 1997 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 143° 3'235.33 


STD-API/PETRO TDB CHAPTER 3-ENGL 15952 MM 0732290 OSbLLSbL? 59° 


TABLE 9-0.4 


LITERATURE SOURCES OF DATA FOR THE SALT EFFECTS ON SOLUBILITY OF 


Gas 


Nitrogen 
Oxygen 


Carbon monoxide 


Carbon dioxide 


Hydrogen sulfide 
Ammonia 


Sulfur dioxide 


NONHYDROCARBON GASES IN WATER 


Salts 


Na.SO,, Na.SO, 

LiCl, NaCl, KCl, 
RbCl, CsCl, MgCh, 
CaCh, SrCl,, BaCl, 

Na,SO, 

Sea water (natural 
and synthetic) 

(NH,)2HPO,, NH.H2PO, 

Sea water, NaCl 

NaCl, CaCl 

LiC], NaCl, NH.NO,, 
BaCi,, Na.SO,, HNO,, 
CaCl, Ca(NOs)2, 
NaHSO,, KI 

CaO 

Synthetic sea water 

NaCl 

(NH.):HPO.,, 

NH,H2PO, 

NaCl, NH,Cl 

KOH 

K,0 | 


Temperature 
Range (F) 


59, 77, 95 


59, 77, 95 


7] 
68-194 
33-86 

* 77, 122, 167 


77 
387-1.110 
23-77 
302-842 


68-194 
170-220 
86-176 

140, 158, 176, 194 


Note: For a complete listing of literature sources of data for the salt effects on solubility of 


nonhydrocarbon gases in water 
Battino and Clever (21a 
these review articles. 


“Partial pressure. 
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, see the review articles by Markham and Kobe 178a)* 
), and Wilhelm and Battino (303a, 304a) This table is an update of 


9-0.4 
Pressure 
Range 
(pounds per 
Square inch Refer- 
. absolute) ence 
14.7° 3l6a 
_— 2lla 
14.7 3l6a< 
14.7 192a 
0.24.8? 39a 
14.7 168a 
735 177a 
14.7 
300-21,000 3898 
14.7-660 278a. 
1500-20,000 2824 ' 
1-2" 39a 
14.7 96a 
14.8° l4la 
2.6-9.9* 170a 
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9-0.5—-9-0.6 


TABLE 9-0.5—SUBSTANCES FORMING GA 
HYDRATES : 


Structure |, All Cavities Filled 
Theoretical Composition M-5¥. H.0 


Argon Ethene Phosphine 

Krypton Ethyne Nitrous oxide 
Xenon Carbon dioxide Fluoromethane 
Nitrogen Carbon disulfide Difluoromethane 
Oxygen Cabonyl sulfide — Trifluoromethane 
Methane Hydrogen sulfide Tetrafluoromethane 


Hydrogen selenide 


Structure |, Small Cavities Empty 
Theoretical Composition M-73 HO 


Chlorine Bromomethane 
Bromine Chloromethane 
Bromine chloride Chlorofluoromethane 
Chlorine dioxide Chlorodifluoromethane 


Sulfur dioxide Fluoroethane 
Arsine Filuoroethene 
Methy! mercaptan Ethylene oxide 
Ethane Cyclopropane 


Structure Il, Small Cavities Empty 
Theoretical Composition M-17 H,O 


Sulfur hexafluoride ],2-Dichloroethene 


Ethane Iodomethane 

Propane 1,1-Difluoroethane 

Propene Fluoroethene 

Cyclopropane . Bromoethane 
2-Methyipropane Bromodifluoromethane 
Cyclopentane Bromotrifluoromethane 
Cyclopentene Dibromodifluoromethane 
Dimethyl ether Fluorodichloromethane 
Nitromethane Fluorotrichloromethane 
Dichloromethane Difluorodichloromethane 
Chloroform 1,1-Difluoro-1]-chloroethane 
Chioroethane Difluorobromochloromethane 


1,.1-Dichloroethane Chloroethene 


Note: From the tabulations in References 5b, 19b, 42b, 
63b, 118b, 120b, 122b, 123b, 132b, 133b, 144b, 146b 
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TABLE 9-0.6—SUBSTANCES FORMING GAS 
HYDRATES ONLY WHEN IN THE PRESENCE OF A 
« STRONG HYDRATE FORMER (HELP GAS) 


_ System—-Water, Help Gas, and Reference 
Radon &6b, 87b 
n-Butane 76d 
2-Methylbutane 20b 
Cyclopentane 20b 
Methyicyclopentane 20b 
Benzene 123b 
Chloropicrin (trichloronitromethane) 123b 
Dimethyl sulfide (methylthiomethane) 123b 
Carbon tetrachloride (tetrachloromethane) 42b, 120b, 123b 
Trichlorobromomethane 42b, 123b 
Dibromomethane 42b 
1,2-Dichloroethane 42b, 123b 
1,1,2-Trichloroethane 42b 
1,1,1,2-Tetrachloroethane 42b 
1,1,1-Trifluoro-2-chioroethane 5b 
Bromoethane 42b, 120b 
1,2-Dibromoethane 42b 
Todoethane 42b 
1,1-Dichloroethene 42b 
1,1,2-Trichloroethene 42b 
1,1,2-Trifluoroethene 120b 
Bromoethene 42b 
1,1-Dibromoethene 42b 
Iodoethene 42b 
1-Chioropropane 42b 
1-Bromopropane 42b, 123b 
2-Bromopropane 42b 
Allyl chloride (3-chloropropene) 42b 
Ally! bromide (3-bromopropene) 42b 
2-Chlorobutane 42b 
2-Bromobutane 42b 

1997 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER 9-ENGL 1992 Bm O?322°90 OSbb&b9 3b5 a 


9-0.7 


H = HYDRATE 

HC = HYDROCARBON 
My=VAPOR SOLUTE 
M= LIQUID SOLUTE 


Wy= VAPOR WATER 


PRESSURE 


W= LIQUID WATER 


W,= SOLID WATER 


v} 
TEMPERATURE F, = HYDRATE COMPOSITION 


Fy 


Ww 

[4 

> 

wn 

ite) 

MS 

a 

a 

TEMPERATURE TEMPERATURE TEMPERATURE 
NOTE: This figure is taken from Scauzillo (34c). 
Figure 9-0.7—-Gas Hydrate Phase Relations 
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9-0.8 


TABLE 9-0.8 


LITERATURE SOURCES OF HYDRATE EQUILIBRIUM DATA FOR SUBSTANCES 
OCCURRING IN NATURAL GASES 


System—Water and 
Methane 


Ethane 
Propane 


2-Methylpropane 

Cyclopropane 

Ethene (ethylene) 

Propene (propylene) 

Ethyne (acetylene) 

Hydrogen sulfide 

Carbon dioxide 

Argon 

Nitrogen 

Oxygen 

Sulfur dioxide 

Krypton 

Xenon 

Methane~ethane 

Methane-propane 

Methane—n -butane 

Methane-2-methylpropane 

Methane-ethane 

Methane-propene 

Methane-carbon dioxide 

Methane-hydrogen sulfide 

Methane-argon 

Methane-krypton 

Methane-nitrogen 

Ethane—propane 

Ethane-ethene 

Propane—ethene 

Propane-2-methylpropane 

Propane-propene 

Propane-2-methyl-1-propene 

Propane—-hydrogen sulfide 

Propane—nitrogen 

Propane—carbon dioxide 

Ethene-propene 

Nitrogen~argon 

Methane-ethane—propane 

Methane~propane-C,s 

Methane—hydrogen sulfide-carbon dioxide 

Propane-propene—2-methylpropane 

Propane—propene—2-methyl-1-propene 

Propane-2-methylpropane-2-methy!-1- 
propene 

Methane-ethane-propane—2-methylpropane 

Propane-propene—n -butane-2-methylpropane 

Propane-propene—2-methylpropane—2-methyl- 
1-propene . 

Methane-ethane-propane—n -butane-2- 
methylpropane 

Methane-ethane-propane-nitrogen—n -butane 

Methane-—ethane-propane-2-methylpropane- 
hydrogen 


COPYRIGHT 2000 American Petroleum Institute 
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Reference 


30b, 31b, 54b, 55b, 59b, 64b, 70b, 76b, 78b, 
99b, 100b, 114b, 130b, 131b, 144b 

29b-31b, 54b, 55b, 59b, 98b-100b, 130b 

29b-31b, 54b, 60b, 98b, 102b, 133b, 144b, 
145b 

104b 

5b, 58b 

23b, 33b, 34b, 98b, 114b, 130b, 131b, 144b 

98b 

130b, 137b, 144b 

42b, 50b, 107b, 112b, 144b 

30b, 31b, 54b, 102b, 128b, 144b 

7b, 78b, 144b 

24b, 64b, 78b, 129b 

24b, 129b 

144b 

7b, 144b 

7b, 144b 

31b, 76b, 127b 

18b, 31b, 76b, 127b, 148b 

31b, 76b 

31b, 76b, 83b, 127b 

114b 

92b 

31b, 101b, 128b 

91b 

62b, 105b 

62b 

64b 

31b, 99b 

73b 

40b 

38b 

98b 

38b 

97b 

82b 

83b, 102b 

74b 

145b 

31b, 59b 

127b 

101b 

39b 

38b 


38b 
83b 
39b 
3856 


76b 
31b 


83b 
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9-0.8 
TABLE 9-0.8 (Continued) 
System—Water and Reference 

Methane-ethane-propane-nitrogen~carbon 

dioxide 31b, 145b 
Methane-ethane-propane-» -butane-2- 

methylpropane—n -pentane 145b 
Methane-—ethane—propane-nitrugen—carbon 

dioxide-n-butane 54b, 80b 
Methane-ethane-propane-2-methyipropane— 

nitrogen-7 -butane—7 -pentane 145b 
Methane—ethane—propane—hydrogen sulfide- 

nitrogen—carbon dioxide—n -butane 31b 
Natural gases 15b, 18b, 29b-31b, 35b, 54b, 80b, 106b, 

110b, 126b, 145b 
1997 
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9-0.9-9-0.10 
£ 
& 
m& 
=> 
a 
= 
0 10 20 30 40 50 60 70 
TEMPERATURE, F 
Figure 9-0.9—Effect of Diethylene Glycol in Liquid-Phase Water on Conditions for Hydrate 
Formation in a Naturat Gas of 0.595 Specific Gravity 
1000 
800 
rc) 600 
a 
us 
5 
3 400 
Md 
ax 
a 
300 
200 


TEMPERATURE, F 


NOTE: This figure is taken from Deaton and Frost (31b). The numbered curves represent 
10-weight-percent aqueous solutions of the following: 1= ammonia; 2= methanol, 
3 = ethanol or calcium chloride; 4= propanol; 5= ammonium bicarbonate; 6 = acetone; 


7 = pure water. 


Figure 9-0.10—Typical Effects of Dissolved Substances in Liquid-Phase Water on Hydrate 
Formation Conditions 
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9A1.1 


9A1 SOLUBILITY OF WATER IN HYDROCARBONS 
PROCEDURE 9A1.1 


SOLUBILITY OF WATER IN PURE LIQUID HYDROCARBONS UNDER VAPOR 
LIQUID LIQUID EQUILIBRIUM CONDITIONS 


Discussion 


The following equation is to be used to calculate the solubility of water in various pure liquid 
hydrocarbons under vapor-liquid-liquid equilibrium conditions over the temperature range that is 
given in Table 9A1.2 for each compound. Table 9A1.2 also lists the three-phase critical temperature 
and the critical solubility when they are known. 


logX, = a, 2 + aT (9A1.1-1) 


Where: 
X, = Solubility of water, mole fraction. 
a), 4, a; | = Component specific constants (see Table 9A1.2) 
T = Absolute temperature, degrees Rankine. 
Procedure 


Step 1: Read the constants a,, a,, and a, for the given hydrocarbon from Table 9A1.2. 


Step 2: Calculate the solubility with Equation (9A1.1-1). 
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9A1.1 


COMMENTS ON PROCEDURE 9A1.1 


Purpose 


The solubilities of water in various pure hydrocarbons can be calculated over the 
temperature ranges given in Table 9A1.2. 


Limitations 


The valid temperature range for each hydrocarbon is given in Table 9A1.2. Extrapolation 
outside these ranges is not recommended. The effectiveness of the equation decreases as the 
temperature approaches the three-phase critical temperature. ; 


The equation applies only when three phases (vapor, liquid hydrocarbon, liquid water) are 
in equilibrium. Because of small mutual solubilities, the three-phase pressure of water- 
hydrocarbon systems is approximately the sum of the vapor pressures of the water and the liquid 
hydrocarbon. The solubilities for pressures greater than the sum of the vapor pressures (i.e., two 
liquid phases only) may be approximated by the three-phase solubilities calculated by the 
procedure, except when the desired temperature is near the critical solution temperature. Liquid- 
phase solubilities at pressures appreciably less than the sum of the vapor pressures (i.e., vapor and 
only one liquid phase) are less than those calculated by the procedure. For this situation, the 
original data sources listed in Table 9-0.2 should be consulted. 


Reliability 
The reliability of the solubilities is estimated at + 6.5 percent. 
Literature Sources 


The constants for the equation were regressed from the data found in the references noted 
in Table 9A1.2. 


Example 
Calculate the solubility of water in benzene at 104 F under vapor-liquid-liquid equilibrium. 
From Table 9A1.2, the appropriate constants are a, =-.595, a, =-1591, and a, = 0.1980 
X 10°. The temperature is 459.67 + 104 = 563.67 R. Using equation (9A1.1-1), the value is 
found to be 4.99 x 10°. 


An experimental value for the solubility of water in benzene at 104 F is 4.95 X 10° (104a). 
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9A1.2 
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9A1.3 


Discussion 


PROCEDURE 9A1.3 


SOLUBILITY OF WATER IN UNDEFINED 
LIQUID HYDROCARBON MIXTURES 


The following equation is to be used to calculate the mole fraction of water in undefined liquid 
hydrocarbon mixtures. 


A 
log (K,) = A, + =| (9A1.3-1) 
Where: 
A,,A,; |= Component specific constants (See Table 9A1.4) 
xy = Solubility of water in the undefined liquid 
hydrocarbon mixture. 

T = Absolute temperature, degrees Rankine. 
Procedure 

Step 1: Read the constants A, and A, for the given mixture from Table (9A1.4). 

Step 2: Calculate the solubility with Equation (9A1.3-1). 
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9A1.3 


COMMENTS ON PROCEDURE 9A1.3 


Purpose 


The procedure calculates the solubility of water in undefined liquid hydrocarbon mixtures. 


Limitations 


The procedure covers the conditions when a relatively small amount of water phase is in 
contact with the hydrocarbon mixture. It may not represent the conditions when the hydrocarbon 
mixture is in the presence of a very large amount of water wherein the hydrocarbon composition 
is changed due to the selective solubility in water of the individual hydrocarbons or hydrocarbon 
classes. 

The procedure can be used at all pressures above those that would cause appreciable 
vaporization of the hydrocarbon solvent. The procedure is not reliable for pressures low enough 
to cause the more volatile components of the hydrocarbon mixtures to vaporize. 


Reliability 
The procedure is estimated to be reliable within + 5 percent. 


Special Comment and Literature Sources 


The physical properties and literature sources for the undefined mixtures are tabulated 


below: 
Watson 
Characteri- 
Gravity Molecular zation 
(°API) Weight Factor’ Reference 
Naphtha 54.3 147 12.2 103a 
Kerosine 42.0 173 11.8 103a 
Kerosine 47.2 170 12.0 104a 
Lubricating oil 29.3 425 12.4 103a 
Paraffin oil 28.8 - 350 12.1 104a 
Gasoline 68.6 95 12.2 48a 
JP-3 fuel $4.7 112 11.7 152a 
JP-4 fuel 51.5 125 11.8 52a 


*Defined in Chapter 2. 
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9A1.3 


Example 

Calculate the solubility of water in naphtha at 397 F. 

From Table 9A1.4, the appropriate constants are A, = 2.94 and A, = -3314.3. The 
temperature is 459.67 + 397 = 856.67 R. Using Equation (9A1.3-1), the value is found to be 
0.1179. 


An experimental value for the solubility of water in naphtha at 397 F is 0.1191 (103a). 
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9A1.4 
TABLE 9A1.4 
PARAMETERS FOR EQUATION (9A1.3-1) 
SOLUBILITY OF WATER IN UNDEFINED 
LIQUID HYDROCARBON MIXTURES 
Parameters 
Lube Oil 2.70 -3065.0 
Naphtha 2.94 -3314.3 
Kerosine 2.74 -3152.2 
Paraffin Oil 2.69 -3075.0 
Gasoline 2.63 -3180.3 
JP-4 Fuel 0.50 -1913.0 
JP-3 Fuel 1.23 -2466.3 
1997 9-43 
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9A1.5 
PROCEDURE 9A1.5 
SOLUBILITY OF WATER IN PURE HYDROCARBONS AND 
HYDROCARBON MIXTURES 
Discussion . 


The following equation 1s to be used to predict the solubility of water in pure hydrocarbons 
or in hydrocarbon mixtures when these data cannot be obtained from Procedure 9A1.1 or 9A1.3. 


log X,="(42005 +1050, 0.0016) (9A1.5-1) 


Where: 
X,, = solubility of water in hydrocarbon, mole fraction. 
H/C = weight ratio of hydrogen to carbon in hydrocarbon. 


T  =absolute temperature, degrees Rankine. 
Procedure 
Step 1: For pure hydrocarbons, calculate the hydrogen-to-carbon ratio. For 


hydrocarbon mixtures of undefined composition, this ratio may be determined 
using Figure 2B6.1. 


Step 2: Calculate the solubility of water using Equation (9A1.5-1) with the 
appropriate ratio and temperature. 
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9A1.5 


COMMENTS ON PROCEDURE 9A1.5 
Purpose 


An equation is given for calculating the solubility of water in paraffins and aromatic hydrocarbons and 
in hydrocarbon mixtures of undefined composition. Many of these data may be obtained from Procedure 9A1.1 
or Procedure 9A1.3. 


Limitations 

The equation is valid at the conditions given in Table 9A1.2. The procedure cannot be utilized for olefins 
or naphthenes because the hydrogen to carbon weight ratio does not change with carbon number. 

The procedure applies only when three phases (vapor, liquid hydrocarbon, and liquid water) are in 
equilibrium. Because of small mutual solubilities, the three-phase pressure for water-hydrocarbon systems is 
approximately the sum of the vapor pressures of water and hydrocarbons. The solubilities for pressures greater 
than the sum of the vapor pressures (i.e., two liquid phases only) may be approximated by the three-phase 
solubilities calculated with the procedure, except when the desired temperature is near the critical solution 
temperature. Liquid phase solubilities at pressures appreciably less than the sum of the vapor pressures (i.e., 
vapor and one liquid phase only) are less than those calculated with the procedure. In this case, the original data 
sources listed in Table 9-0.2 should be considered. 


Reliability 
The reliability of the solubilities is estimated at + 20 percent. 


Literature Source 


Equation (9A 1.5-1) was developed by Hibbard and Schalla. Nat/. Advisory Comm. Aeron. RM E 52024 
(1952). 


Examples 
A. Find the solubility of water in isopentane at 68 F. 
The atomic weights of hydrogen and carbon are 1.008 and 12.01, respectively. The hydrogen-to-carbon 
weight ratio is 
(12)(1.008) 6 5014 
(5)(12.01) 


The solubility is calculated using equation (9A1 5-1): 


log X= ~[(4200 (0.2014 )+1050 }, —1® __ 016 y= -3.4296 


68 +459 67 
X = 0.000368 mole fraction. An experimental solubility is 0.000376 mole fraction (26a). 


B. Find the solubility of water at 255°F in a lubricating oil having a 29.3 degree API gravity and a mean 
average boiling point of 765 F. 


The carbon-to-hydrogen weight ratio obtained from Chapter 2 is 6.6 and using equation (9A1.5-1), 


log ¥=-(4200 == 71050 aS a 00185 


255 +459 67 
X = 0.0282 mole fraction. An experimental solubility is 0.0252 mole fraction (118a). 
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9A2.1 
9A2 SOLUBILITY OF HYDROCARBONS IN WATER 
PROCEDURE 9A2.1 
SOLUBILITY OF HYDROCARBONS IN WATER UNDER 
VAPOR LIQUID LIQUID EQUILIBRIUM CONDITIONS 
Discussion 


The following equation is to be used to calculate the solubility of various pure hydrocarbons 
in water under vapor-liquid-liquid equilibrium conditions. 


log (%,,) = a, +2 é = (9A2.1-1) 

Where: 

>, Cn Solubility of hydrocarbon in the water-rich phase, mole fraction. 

4,,a,8a, = Constants that are specific to each hydrocarbon. 
= Absolute temperature, degrees Rankine. 

Procedure 

Step 1: Read the constants a,, a, and a, for the given hydrocarbon from Table (9A2.2) 

Step 2: Calculate the solubility with Equation (9A2.1-1). 
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9A2.1 


COMMENTS ON PROCEDURE 9A2.1 
Purpose 


The solubilities of various hydrocarbons can be calculated across the temperature ranges given in 
Table 9A2.2 


Limitations 


The valid temperature range for each hydrocarbon is given in Table 9A2.2. Extrapolation outside 
these ranges is not recommended. The equation applies only when three phases (vapor, liquid 
hydrocarbon, liquid water) are in equilibrium. Because of the small mutual solubilities, the three-phase 
pressure for water-hydrocarbon systems is approximately the sum of the vapor pressures of water and the 
hydrocarbon. The solubilities for pressures greater than the sum of the vapor pressures (i.e., two liquid 
phases only) may be approximated by the three-phase solubilities calculated from the equation, except 
where the desired temperature is near the critical solution temperature. Liquid-phase solubilities at 
pressures appreciably less than the sum of the vapor pressures (i.e., vapor and one liquid phase only) are 
less than those calculated by the equation. In this case, the orginal data sources listed in Table 9-0.2 
should be consulted. 


Reliability 

Errors from this equation average less than 9%. 
Special Comment 

Small amounts of impurities may seriously alter solubility characteristics. In particular, small 
amounts of aromatics, olefins, or diolefins will increase the solubility of a paraffin mixture more than would 
be predicted from the molar average solubility. 

The temperature range listed in Table 9A2.2 for ethylcvclohexane does not include its three phase 


critical which is 550.9 F, and 60.3 mole % of ethylcyclohexane. 


Literature Sources 


The constants for the equation were regressed from the data found in the references noted in Table 
9A2.2. 


Example 
Calculate the solubility of propane in water at 100 F under vapor-liquid-liquid equilibrium. 


Using the appropriate constants, a, = 6.07, a, = -11404, and a, = 3323964, and a temperature of 
459.67 + 100 = 559.67 R, the above equation predicts a value of 0.000202 mole fraction. 


The experimental value is 0.000203 mole fraction (13a). 
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9A2.3 


PROCEDURE 9A2.3 
SOLUBILITIES OF SOLID, POLYNUCLEAR AROMATICS IN WATER 


Discussion 


The following equation is to be used to predict the solubilities of various solid, polynuclear 
aromatics in liquid water. 


log X,.=a,+a,T (9A2.3-1) 
Where: 
X,. = Solubility of solid, polynuclear aromatic, mole fraction. 
T = Absolute temperature, degrees Rankine. 
a,,a, = Constants that are unique to each solid, polynuclear aromatic. 
Procedure 
Step 1: Read constants a, and a, from Table 9A2.4 for the appropriate solid 
polynuclear aromatic. 
Step 2: Calculate the solubility with Equation (9A2.3-1). - 
1997 9-49 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 14332533 


STD-API/PETRO TDB CHAPTER T-ENGL 19°92 Ml 0732290 O56b684b 444 


9A2.3 
COMMENTS ON PROCEDURE 9A2.3 
Purpose 
The solubilities of various solid, polynuclear aromatics in liquid water can be calculated. 
Limitations 


The equation applies only when there is a solid hydrocarbon-rich phase in equilibrium with 
a water-rich liquid phase (i.e. approximately below the melting point of the solid, polynuclear 
aromatic.) The pressure effects on the solubilities are negligible. 


Reliability 
The equation reproduces experimental data to within +5 percent. 
Literature Sources 
Naphthalene (219a, 262a, 268a, 294a) 
Biphenyl (262a, 268a, 294a) 
Acenaphthene (219a, 262a, 294a) 
Fluorene (219a, 262a, 294a) 
Phenanthrene (181a, 262a,268a, 294a) 
1-Methylphenanthrene (181a, 262a) 
Pyrene (219a, 262a, 268a, 294a) 
Anthracene (181a, 219a, 262a, 294a) 
2-Methylanthracene (181]a, 262a) 
Benz(e)pyrene (262a) 
Example 
Find the solubility of fluorene in water at 77 F. 
From Table 9A2.4, the coefficients, a, and a,, are given as a, = -13.255 a, = 0.0122. 
Equation (9A2.3-1) then gives 
log X,, = -13.255 + 0.0122 (77 + 459.67) 
log X,, = -6.7076 
X,,. = 1.96 x 10” 


An experimental value for the solubility of fluorene in water at 77 F is 2.146 x 10 7 (219a). 
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9A2.4 
TABLE 9A2.4 
PARAMETERS FOR EQUATION (9A2.3-1) 
SOLUBILITIES OF SOLID, POLYNUCLEAR AROMATICS IN WATER 
mpound Bi a, (x10?) 
Acenaphthene -12.595 1.160 
Anthracene -16.881 1.594 
Benz(a)pyrene ~13.546 0.773 
Biphenyl -12.412 1.173 
Fluorene -13.255 1.220 
2-Methylanthracene -16.316 1.420 
1-Methylnaphthalene -9.376 0.712 
Naphthalene -10.245 0.912 
Phenanthrene -13.845 1.290 
Pyrene -15.222 1.359 
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9A2.5 
TABLE 9A2.5 
SOLUBILITIES OF SELECTED HYDROCARBONS AND NON-HYDROCARBONS 
AT 77 F UNDER AMBIENT CONDITIONS 
Compound Suggested Equilibrium* _— References 
Value Condition 
HYDROCARBONS 

Methane 2.60E-05 2 183a 

Ethane 3.35E-05 2 183a,296a 

Propane 2.63E-05 2 183a,296a 

n-Butane 2. 15E-05 2 201a,296a 

Isobutane 1.58E-05 2 183a,239a 

n-Pentane 9. 87E-06 3 - 183a,227a, 272a 

Isopentane 1.20E-05 3 323a 

Neopentane 1.08E-05 2 304a 

n-Hexane 1.98E-06 3 183a,227a, 
268.2a,268.3a, 
268.4a,268.5a, 

268.8a,272a 

2,2,4-Trimethylpentane 3.86E-07 3 183a 

Cyclopropane 4.00E-04 2 127a 

]-Pentene 3.81E-05 3 183a 

trans-2-Pentene §.23E-05 3 183a 

Propylene 8.58E-05 2 166a 

1-Butene 7. 1SE-05 2 183a 

3-Methyl-1-Butene 8.47E-05 2 183a 

1,3-Butadiene 2.53E-04 2. 196a 

1,3-Pentadiene” 1.70E-04 1 183a 

Acetylene 7 A8E-04 2 123a 

Propyne 1.64E-03 2 128a 

Vinyl Acetylene 6.85E-04 2 304a 

Benzene 4.16E-04 3 84a,108a,183a, 
268.4a 

Toluene 1.04E-04 3 108a,268a 

Ethyl] Benzene 2.84E-05 3 6a,110a, 145a, 
183a,268a, 281la 

o-Xylene 2.94E-05 3 183a,255a 

m-Xylene 2.77E-05 3 5a,281a 

p-Xylene 3.05E-05 3 5a,281a 

Xylenes - mixture‘ 2.92E-05 3 

Isopropylbenzene 8.64E-06 3 280a 

Styrene 5.39E-05 3 156a 

Bipheny! 7.05E-07 4 294a 

Naphthalene 4.30E-06 4 262a 
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9A2.5 
Compound Suggested Equilibrium’ _— References 
Value Condition 
ORGANICS 
Methanol Infinitely soluble 1 318a 
Ethanol Infinitely soluble 318a 
Isobutanol 1.95E-02 1 264a 
n-Hexanol® 1.00E-04 ] 264a 
Phenol 1.74E-02 1 264a,272a 
2-Methy]-2-Hexanol 1.51E-03 ] 264a 
3-Methyl-3-Hexanol 1.85E-03 ] 264a 
o-Cresol 4.08E-03 ] 264a 
m-Cresol 3.63E-03 ] 264a 
p-Cresol 3.23E-03 ] 264a 
2,3-Dimethyl-2-Pentanol 2.39E-03 1 264a 
2,4-Dimethy1!-2-Pentanol 2.08E-03 ] 264a 
2,2-Dimethyl-3-Pentanol 1.27E-03 | 264a 
2,3-Dimethy1-3-Pentanol 2.55E-03 ] 264a 
2,4-Dimethyl-3-Pentanol 1.09E-03 ] 264a 
3-Ethyl-3-Pentanol 2.61E-03 ] 264a 
2,2,3-Trimethy]-3-Pentanol 9.55E-04 ] 264a 
Ethylene Glycol Infinitely soluble 318a 
Acrolein® 6,.83E-02 i 264a 
Ethy] Ether 1.47E-02 1 2644 
Methyl! n-Buty! Ether 1,82E-03 ] 264a 
Methy! sec-Butyl Ether 3.27E-03 I 264a 
Methy] tert-Butyl Ether 8. 10E-03 1 264a,272a, 
277a,322a 
Ethyl n-Propv! Ether 3.83E-03 } 264a 
Ethyl Isopropyl Ether 4.91E-03 1 264a 
Di-n-Propyl Ether 8.65E-04 I 264a 
Methyl] Isobuty! Ether 2.25E-03 ] 264a 
Methyl Isopropyl! Ether 1. 58E-02 } 264a 
Methyl n-Propy! Ether 7.42E-03 ] 264a 
n-Propyl Isopropyl] Ether 4.41E-04 1 264a 
Carbonyl Sulfide 3.90E-04 2 95a,304a, 318a 
Methyl Mercaptan 4.90E-03 2 95a 
Ethyl Mercaptan 3.00E-03 | 95a 
Carbon Disulfide 4.45E-04 2 318a 
Acetamide® 4.42E-01 | 264a 
Aniline 7.30E-03 | 272a 
Quinoline 8.90E-04 ] 162a 
n,n-Dimethyl Formamide Infinitely soluble i]3a 
Dinitro Toluene 2.67E-05 ] 264a 
Nitrobenzene® 2.89E-04 i 264a 
Phenylenediamine 6.17E-03 1 264a 
Tnethylamine 1.34E-02 } 264a,272a 
Dichloro Methane 4.17E-03 l 272a 
Dichloromethane® 4.30E-03 ] 264a 
1997 9-53 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 1:4:3°3'235.33 


STD-API/PETRO TDB CHAPTER T-ENGL 1952 MM 0732290 O5b6b890 975 


9A2.5 
Compound Suggested Equilibrium’? _ References 
Value Condition 
1,1,2-Trichloroethane*® 6.01E-04 1 264a 
Tetrachloroethane 3.16E-04 1 264a 
1,4-Dichlorobenzene 9.82E-06 1 264a 
Epichlorhydrin‘ 1.29E-02 1 264a 
Ethy! Chloride® 1.61E-03 1 264a 
Ethylene Dichloride 1.61E-03 ] 264a 
Diethylidene Chloride 9.39E-04 1 264a 
Methyl Chloroform* 1.82E-04 1 264a 
1,2-Dichloropropane 4.54E-04 1 264a 
Carbon Tetrachloride 9.24E-05 ] 264a 
Methyl Ethyl Ketone 7.72E-02 I 272a 
Methyl Isobuty]l Ketone 3.30E-03 ] 272a 
Methyl Iodide 1.73E-03 ] 264a 
Phosphine 1.48E-04 ] 304a 
Ethylene Dibromide® 4.00E-04 1 264a 
Hydroquinone® 1.26E-02 1 264a 
Propylene Oxide 8.02E-02 l 318a 
Phthalic Anhydride 7.53E-04 1 264a 
Quinone 2.28E-03 1 2644 
o-Toluidine* 2.74E-03 1 264a 
INORGANICS 
Ammonia 1.88E-01 2 125a,304a 
Chionne 1,63E-03 2 297a,304a 
Hydrogen 1.35E-05 2 33a,43d,304a 
Hvdrogen Chloride 3.42E-01 2 125a 
Hydrogen Sulfide 1.76E-03 2 33d,304a 
Nitric Oxide 3.48E-05 2 304a 
Sulfur Dioxide 2.46E-02 2 19d,304a 
Sulfuric Acid Infinitely soluble 
Titanium Tetrachioride Reacts with Water 113a 
Arsine 1.61E-04 2 304a 


a —-] = Water-rich liquid-hydrocarbon-rich liquid equilibrium region. 
2 = Water-rich liquid-vapor equilibrium region. 
3 = Water-rich liquid-hydrocarbon-rich liquid-vapor equilibrium region. 
4 = Water-rich liquid-hydrocarbon solid equilibrium region. 


b = Value from 1,4-Pentadiene. 

c= Value averaged from the other xvlene values. 

d= Value taken at a temperature of 64.4 F. 

e = Value taken at a temperature of 68.0 F. 

f = Value taken at a temperature of 86.1F. 

g = Value interpolated to a temperature of 77.0 F from temperatures of 68.0 F and 86.0 F. 
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9A2.5 


COMMENTS ON TABLE 9A2.5 
Purpose 
Table 9A2.5 presents recommended values for the solubility of various compounds in water 
at 77 F and ambient pressure. The equilibrium condition for each value at specified conditions is also 
presented. 
Reliability 


All solubility values are based on one or more experimental values and are as reliable as the 
literature sources from which they were taken. 


Literature Sources 


The literature sources that the Technical Data Project Staff used to obtain the suggested 
values are presented in Table 9A2.5. 
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9A2.6 


PROCEDURE 9A2.6 


SOLUBILITY OF HYDROCARBONS IN WATER UNDER VAPOR-LIQUID-LIQUID 
EQUILIBRIUM CONDITIONS AT 77 F 


Discussion 


The following equation is to be used to predict the solubility of pure hydrocarbons in 
water under vapor-liquid-liquid equilibrium conditions at 77 F: 


-logX, =a, +a,C+a,C? (9A2.6-1) 
Where: 
X, == Solubility of hydrocarbon, mole fraction. 
4,,a,a, = Coefficients that depend on the homologous series of the given hydrocarbon 
(see Table 9A2.7). 
Cc = Carbon number of the hydrocarbon 
Procedure 


Step 1: Determine the homologous series of the hydrocarbon and read the coefficients, 
a,, a5, and a, for this series from Table 9A2.7. 


Step 2: Determine the carbon number of the hydrocarbon. Calculate the solubility using 
equation (9A2.6-1). 
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9A2.6 


COMMENTS ON PROCEDURE 9A2.6 
Purpose and Discussion 


Procedure 9A2.6 is to be used for predicting solubilities of pure liquid hydrocarbons in 
water under vapor-liquid-liquid equilibrium conditions at 77F. 


Limitations 

Procedure 9A2.6 is applicable only to pure liquid hydrocarbons and should not be 
extended to hydrocarbon mixtures. Also, the procedure is not applicable to hydrocarbons that 
cannot be classified as belonging to any one of the 9 homologous series listed in Table 9A2.7. 
Reliability 

This procedure reproduces the experimental data to within an average error of 10 percent. 
Literature Sources 

The original Procedure 9A2.6 was developed by V. N. Kabadi and R. P. Danner, 
Hydrocarbon Processing 58 [5] 245 (1979). It was modified by the API Technical Data Book 
Project Staff (1996). 


Example 


Find the solubility of benzene in water at 77 F under vapor-liquid-liquid equilibrium 
conditions. 


From Table 9A2.7 for benzene, a, = -0.4628, a, = 0.6916 and a, = -0.8410x 10%. The 
carbon number of benzene is 6. Using equation (9A2.6-1) the solubility is calculated by to be 
4.13 x 10%. 


The experimental solubility of benzene in water at 77 F is 4.11 x 10“ (200a). 
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TABLE 9A2.7 


COEFFICIENTS FOR PROCEDURE 9A2.6 


Homologous Series 


n-Paraffin 

Paraffin with one branch 
Paraffin with two branches 
Naphthene 

Naphthene with one branch 
Alkene 

Cycloalkene 

Acetylene 


Benzene or n-Alkylbenzene 
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143322333 


Coefficients for Equation (9A2.6-1) 


a, 


1.6708 
9.6776 
0.0000 
4.4465 
11.8697 
8.4469 
0.4247 
-0.9415 
-0.4628 


0.6386 
-2.2691 
1.0157 
-0.3285 
-2.5294 
-1.6631 
0.5682 
0.9839 
0.6916 


26.3567 
-2.0577 

6.3729 
23.2027 
17.2448 

1.2414 
-0.7961 
-0.8410 
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9A3.1 


COMMENTS ON FIGURE 9A3.1 
Purpose 


This figure shows the water content of natural gas in equilibrium with water. A salinity correction chart is provided 
for use when the liquid-water phase contains salt. 
A calculation method has been developed and is presented in the special comments section. 


Limitations 


Figure 9A3.1 is reliable for natural gases of specific gravity of 0.8 or less (air = 1.0). A molecular weight 
correction chart is available in the literature (191a). This correction chart is not given here, however, because in a study with 
a few defined hydrocarbon gas systems, absolute errors as high as 110 percent were found, and there was no si gnificant trend 
to the errors as a function of specific gravity. 


Reliability 


For natural gases with a specific gravity of 0.8 or less, the standard deviation of the chart from published data is 
4 percent, with a negligibly small bias. 


Notation 
The broken lines indicate extrapolations beyond the limits of the available literature data. 
Special Comments 


To use the salinity correction, the water content read from the main chart should be multiplied by the correction 
factor C, which corresponds to the appropriate salt concentration in the liquid water phase. 

At low temperatures and high pressures, hydrate formation can occur (see Section 9B). 

The following equations are to be used to calculate the pounds of water per million cubic feet of natural gas at 60 
F & 14.7 psia. 


[-2320stose] - = * 123] 


Y = (-0.0227wt + 1) 10 (9A3.1-1) 


Where: 


Y = Pounds of water per million cubic feet of natural gas at 60 F & 14.7 psia. 
T = Absolute temperature, degrees Rankine. 

P = Pressure, psia. 

wt = wt% of total solids in brine. 


This equation has an estimated reliability of 9.5% with a -0.9% bias, for natural gases with a specific gravity of 0.8 
or lower, and is only reliable for natural gases with a specific gravity of 0.8 or less (air = 1.0). 


Literature Source 
Figure 943.1 was adapted from MeKetta and Wehe, Perrol. Refiner 37 [8] 153 (1958). 
Example 


Find the water content of a natural gas at 100 F and 300 pounds per square inch absolute that is in equilibrium with 
a liquid-water phase containing 0.4 percent salt. 

For pure water, the water content is given by the main chart in Figure 9A3.1 at 160 pounds water per million cubic 
feet of gas. From the salinity correction chart, the correction factor C is 0.99. Theretore, the corrected water content is 
(0.99)(160) = 158 pounds of water per million cubic feet of gas. 

The equation presented in the special comments gives a water content of 157.1 pounds of water per million cubic 
feet of gas. 
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9A5.1 


9A5 SALT EFFECTS ON SOLUBILITY OF HYDROCARBONS IN WATER 
PROCEDURE 9AS5.1 
SOLUBILITY OF HYDROCARBONS IN AQUEOUS SALT SOLUTIONS 


Discussion 


Knowing the solubility of a hydrocarbon in water, the following equation is to be used to 
calculate the solubility of the hydrocarbon in an aqueous salt solution: 


log = = -KSC, (9A5.1-1) 
Xo 


Where: 

XX = Solubility of hydrocarbon in salt solution, mole fraction. 

X, = Solubility of hydrocarbon in water, mole fraction. 

Ks = Setschenow constant, in liters per gram equivalent. (Constants for hydrocarbons 
in different salt solutions at different temperatures and pressures are listed in Table 
9A5.2.) 

C, = salt concentration of solution, in gram equivalents per liter. 


Procedure 


Step I: Knowing the temperature and pressure, read values of K, and X, for the 
hydrocarbon-salt-water system from Table 9A5.2. If K, and X, are not given 
for the system of interest, the procedure cannot be used. If K, and X, are 
listed at temperatures and pressures close to the temperature and pressure of 
interest, calculate values of K, and X, by interpolation or extrapolation. If the 
temperature and pressure of interest are far from those given , the procedure is 
not applicable. 


Step 2: Calculate the solubility of the hydrocarbon in the aqueous salt solution using 
equation (9A5,1-1). 
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9A5.1 


COMMENTS ON PROCEDURE 945.1 


Purpose 


Procedure 9A5.1 is presented as a method for calculating the solubility of hydrocarbons in 
aqueous salt solutions, knowing the solubility in pure liquid water. 


Limitations 


Procedure 9A5.1 can be used only for the hydrocarbon-salt-water systems listed in Table 
9A5.2. Also, it can be used only in the range of temperatures and pressures listed in Table 9A5.1. 
(interpolations within, or moderate extrapolations out of, the given temperature-pressure range 
are permissible.) The procedure should not be used at temperatures and Piessutes far from the 
values listed in Table 9AS.2. 


Reliability 


Equation (9A5.1-1), with K, and X, at different temperatures and pressures listed in Table 
9A5.2, reproduces the experimental data to within an average error of +10 percent. 


Literature Sources 


Equation (9A5.1-1) was taken from the original work of J. Setschenow, Z. Phys. Chem. 4 
117 (1889). A discussion of the relationship is also given by Long and McDevit, Chem. Rev. 51 
128 (1952). 


Example 


Find the solubility of methane in a 4N aqueous sodium chloride solution at a temperature 
of 125 F and 500 atmospheres. 

From Table 9A5.2, for the methane-NaCl-water system at 124.7 F and 500 atmospheres, 
X, = 0.00373 mole fraction and K, = 0.120. Assume the same values at 125 F and 500 
atmospheres. 

Then, from equation (9A5.1-1): 


-log Ae 0.120(4) 
x, 
log Ze -0.48 
x, 
mie 0.3311 
x, 
X = 0.3311 (0.00373) 
X = 0.00124. 


The experimental value for solubility is 0.0013 (216a). 
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Solute 
Methane 


Methane 


Methane 


Methane 


Ethane 


Ethane 


9A5.2 
TABLE 9A5.2 
LITERATURE SOURCES AND SETSCHENOW CONSTANTS 
(FOR PROCEDURE 945.1) FOR SOLUBILITY OF HYDROCARBONS 
IN DIFFERENT AQUEOUS SALT SOLUTIONS 
Pressure Ks 
(pounds per (liters 
Temperature square inch Xo x 10° per gram 
Salt (F) absolute) (mole fraction) equivalent) Reference 
NaCl 32 14.7 0.0449 0.194 77a, 313a 
50 14.7 0.0343 0.170 313: 
54.6 14.7 0.0307 0.153 20la 
86.0 14.7 0.0183 0.127 201a,314 . 
121.0 14.7 0.0175 0.111 01a a 
161.0 14.7 0.0155 0.102 20la 
86.0 300 0.457 0.114. ** -72a 
86.0 400 0.599 0.113 72a 
86.0 500 0.738 0.100 72a 
86.0 600 0.864 0.096 72a 
124.7 1470 1.430 0.122 3163 
124.7 2940 2.280 6.119 a 
124.7 4410 2.870 0.122 21l6a 
124.7 $880 3.340 0.121 2l6a 
124.7 7350 3.730 0.120 2l6a 
124.7 8820 4.090 0.119 21l6a 
216.5 2940 2.210 0.109 31a 
216.5 4410 2.870 0,108 a 
216.5 5880 3.330 0.112 216a 
216.5 7350 3.850 0.120 9164 
216.5 8820 4.190 0.112 D164 
257 1470 1.430 0.132 2l6a 
257 2940 2.320 0.117 2l6a 
257 4410 2.960 0.121 216a 
257 5880 3.430 0.119 2l6a 
257 7350 3.960 0.124 2l6a 
257 8820 4.300 0.121 2l6a 
CaCl, 77 300 0.501 0.132 72a 
77 400 0.650 0.109 72a 
77 500 0.802 0.105 72a 
77 600 0.939 0.103 72a 
86 400 0.599 0.091 72a 
86 500 0.734 0.084 72a 
LiCl 54.6 14.7 0.0307 0.130 2014 
85.8 14.7 0.0183 0.097 9014 
121.0 14,7 0.0175 0.082 20la 
161.0 14.7 0.0155 0.077 20la 
KI 54.6 14.7 0.0307 0.130 20la 
85.8 14.7 0.0183 0.097 20la 
121.0 14.7 0.0175 0.071 20la 
161.0 14.7 0.0135 0.054 3615 
NaCl 32 14.7 0.0161 0.198 60a 
54.6 14.7 0.0411 0.184 20la 
68.0 14.7 0.0403 0.175 604 
85.8 14.7 0.0272 0.162 2014 
121.0 14.7 0.0202 0.145 20la 
161.0 14.7 0.0166 0.135 2014 
KI $4.6 14.7 0.0411 0.125 201la 
85.8 14.7 0.0272 0.10} 20la 
121.0 14.7 0.0202 0.080 oo), 
161.0 14.7 0.0166 0.065 5Ola 
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Solute 


Propane 


Propane 


Propane 


n-Butane 


n-Butane 


n-Butane 


n-Butane 


n-Butane 


n-Butane 


n-Pentane 
Ethene 


Ethene 
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TABLE 9A5.2 (Continued) 
Pressure Ks 
(pounds per (liters 
Temperature square inch Xo x 10° per gram 
Salt (F) absolute) (mole fraction) equivalent) Reference 
NaCl 54.6 14.7 0.0396 0.216 
85.8 14.7 0.0234 0.194 
121.0 14.7 0.0157 0.178 
161.0 14.7 0.0123 0.165 
LiCl 54.6 14.7 0.0396 0.175 
85.8 14.7 0.0234 0.152 
121.0 14.7 0.0157 0.138 
161.0 14.7 0.0123 0.138 
KI $4.6 14.7 0.0396 0.121 
85.8 14.7 0.0234 0.102 
121.0 14.7 0.0157 0.085 
161.0 14.7 0.0123 0.067 
NaCl 32 14.7° 0.059 0.283 
50 14.7" 0.0407 0.301 
54.6 14.7 0.0342 0.243 
68.0 14.7° 0.0259 0.250 
85.8 14.7 0.0192 0.217 
121.0 14.7 0.0114 0.194 
161.0 14.7 0.0083 0.150 
KI 54.6 14.7 0.0342 0.109 
85.8 14.7 0.0192 0.098 
121.0 14.7 0.0114 0.080 
161.0 14.7 0.0083 0.059 
KCl 54.6 14.7 0.0342 0.200 
85.8 14.7 0.0192 0.182 
121.0 14.7 0.0114 0.164 
161.0 14.7 0.0083 0.144 
HCl 54.6 14.7 0.0342 0.080 
85.8 14.7 0.0192 0.049 
121.0 14.7 0.0114 0.031 
161.0 14.7 0.0083 0.028 
BaCl; 54.6 14.7 0.0342 0.250 
85.8 14.7 0.0192 0.210 
121.0 14.7 0.0114 0.180 
161.0 14.7 0.0083 0.165 
LaCl, 54.6 14.7 0.0342 0.182 
85.8 14.7 0.0192 0.154 
121.0 14.7 0.0114 0.154 
161.0 14.7 0.0083 0.140 
NaCl 77 . 0.00964 0.227 
NaCl 54.6 14.7 0.103 0.120 
77 14.7° 0.080 0.149 
85.8 14.7 0.0722 0.127 
121.0 14.7 0.0530 0.114 
161.0 14.7 0.0415 0.101 
Licl 54.6 14.7 0.103 0.104 
85.8 14.7 0.722 0.089 
121.0 14.7 0.0540 0.082 
161.0 14.7 0.0435 0.083 
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Solute 
Ethene 


Ethene 


Ethene 
Ethene 
Ethene 
Ethene 
Ethene 
Ethene 
Ethene 
Ethene 
Ethyne 
Ethyne 
Ethyne 
Ethyne 
Ethyne 
Ethyne 


Methyilcyclo- 
pentane 


Benzene 
Benzene 
Benzene 
Benzene 


Benzene 


Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 


Benzene 
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9A5.2 
TABLE 9A5.2 (Continued) 
Pressure Ks 
(pounds per (liters 
Temperature square inch Xo X10 T gram 
Salt (F) absolute) (mole fraction) equivalent) Reference 

KI 54.6 14.7 0.103 0.070 20la 

85.8 14.7 0.0722 0.061 20la 

121.0 14.7 0.0540 0.080 30la 

161.0 14.7 0.0445 0.036 20la 

LaCl, 54.6 14.7 0.1030 0.112 201la 

85.8 14.7 0.0722 0.100 20la 

121.0 14.7 0.0540 0.105 20la 

161.0 14.7 0.0445 0.091 20la 

BaCl, 77 14.7" 0.080 0.137 2l4a 

NHNO, 77 14.78 0.080 0.051 2ldéa 

Na,SO, 77 14.7° 0.080 0.198 2l4a 

NaSO, 77 14.7" 0.080 0.172 214a 
KOH 59 14.7 0.1005 0.177 24a 
NaOH 59 14.7 0.1005 0.195 24a 
NH,OH 59 14.7 0.1005 0.0156 24a 
Na,SO, 59 14.7 0.1005 0.225 24a 
Ba(OH): 59 14.7 1.020 —0.057 24a 
NH.OH = 59 14.7 1.020 —0.0032 34a 
NaOH 59 14.7 1.020 0.165 24a 
KOH 59 14.7 1.020 0.137 24a 
NaSO. 59 14.7 1.020 0.267 24a 
H.SO, 59 14.7 1.020 0.0650 24a 
NaCl 77 7 0.0402 0.225 227a 
Na,SO, 77 zi 0.410 0.274 186a 
 BaCh, 77 . 0.410 0.167 186a 
NaOH 77 bs 0.410 0.256 186a 
NaF 86 . 0.426 0.254 25B8a 

NaC! 77 : 0.410 0.195 175a, 182a, 186a 
KCI 77 » 0.410 0.166 186a 
NaBr 77 . 0.410 0.155 186a 
Lic 77 7 0.410 0.143 186a 
RbCl 77 : 0.410 0.140 186a 
KBr 77 be 0.410 0.119 186a 
NaNO, TI * 0.410 0.119 186a 
NaClO. 77 . 0.410 0.106 186a 
NH.Cl 77 : 0.410 0.103 1864 
Nal 77 > 0.410 0.095 186a 
CsCl 77 . 0.410 0.088 186a 
HC) 77 7 0.410 0.048 186a 
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Solute 


Benzene 
Benzene 
Benzene 
Benzene 
Benzene 


Toluene 
Ethylbenzene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Naphthalene 
Bipheny! 
Biphenyi 
Biphenyl 
Bipheny! 
Bipheny! 
Bipheny! 
Bipheny] 
Biphenyl 


Phenan- 
threne 


Fluorene 
Anthracene 


2-Methyl- 
anthracene 


1-Methylphe- 
nanthrene 


Pyrene 


Fluoranthene 
Chrysene 


Salt 


NELBr 
C&I 
KO.C.Hs 
HCIO, 
(CH;)4NBr 


NaCl 
NaCl 
Na;SO,. 
NaCl 
KCI 
Lic] 
NaBr 
NaClO. 
HCl 
HCIO, 
Na2SO, 
NaCl 
LiCl 
NaBr 
HCi 
Na2SO, 
NaCl 
KCl 
LiCi 
NaBr 
Naci0, 
HCl 
HCIO, 


NaCl 
NaCl 
NaCl 


NaCl 


NaCl 
NaCl 
NaCl 
NaCl 


258a 
186a 


258a 
186a 


258a 
227a 
20la 
218a 


74as 182a,' 218a 


218a 
218a 


218a 
218a 


218a 
218a 


218a 
218a 


218a 
218a 


218a 
218a 


744,2)88 
218a 


218a 
218a 


218a 
218a 


218a 


74a, 262a 
182a 


182a, 262a 


182a 


182a 


182a, 257a 


182a 


TABLE 9A5.2 (Continued) 
Pressure Ks 
{pounds per ' (liters 
Temperature square inch Xx 10° per gram 
(F) absolute) (mole fraction) equivalent) Reference 
86 . 0.426 0.041 
77 . 0.410 —0.006 
86 > 0.426 —0.006 
77 : 0.410 0.041 
86 : 0.426 —0.240 
77 » 0.101 0.205 
77 . 0.0260 0.242 
77 > 0.00420 0.356 
77 . 0.00420 0.260 
77 » 0.00420 0.204 
77 . 0.00420 0.180 
77 * 0.00420 0.169 
77 > 0.00420 0.101 
77 > 0.00420 0.046 
77 2 0.00420 —-0.081 
32.18 . 0.0014 0.367 
32.18 bs 0.0016 0.232 
32.18 » 0.0016 0.191 
32.18 ® 0.0016 0.166 
32.18 . 0.0016 0.055 
77 * 0.00086 0.423 
77 . 0.00086 0.275 
77 . 0.00086 0.253 
77 . 0.00086 0.218 
77 : 0.00086 0.209 
77 . 0.00086 0.114 
77 . 0.00086 . 0.071 
77 . 0.00086 —0.116 
77 “i 0.000108 0.336 
77 * 0.000214 0.267 
77 J 0.76x107* 0.238 
77 : 0.37x 107" 0.336 
77 , 0.25x107 0.211 
77 f Q.12*107* 0.286 
77 . 0.23x107* 0.339 
TI . 0.16x107* 0.336 
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TABLE 9A5.2 (Continued) 
Pressure Ks 
(pounds per (liters 
Temperature square inch Xo x 10° per gram 

Solute Salt (F) absolute) (mole fraction) equivalent) Reference 
1,2-Benzan- , 

thracene NaCl 77 . 0.11x107> 0.354 182a. 
1-Methvinaph- 

thalene NaCl 77 > 0.0038 0.191 262a 
1-Ethyinaph- 

thalene NaCl 77 . 0.00115 0.269 262a 
Benz(e)py- : 

Tene NaCl 77 : 0.34x10-° 0.426 © 262a 
* Partial pressure of gas. 
* System pressure. 
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9A6 COMPUTER METHOD FOR PHASE EQUILIBRIUM CALCULATIONS FOR 
WATER-HYDROCARBON SYSTEMS 


PROCEDURE SA6.1 


MODIFIED SOAVE-REDLICH-KWONG EQUATION OF STATE FOR PHASE 
EQUILIBRIUM CALCULATIONS FOR WATER-HYDROCARBON SYSTEMS 


Discussion 


The compositions of the coexisting phases for the two-phase vapor-liquid and liquid-liquid 
and three-phase vapor-liquid-liquid equilibria for hydrocarbon-water systems are estimated 
using a modified Soave-Redlich-Kwong equation of state (138a, 2719),. To compute these 
compositions for an n-component system with m phases in equilibrium, the equation of state 
must be solved to satisfy the following relationships: : 


T'=T? =7*... = 7™ 
Pis= p? = p>... = p™ 
fi\fi =f fie 2.n 


The first two relationships equate the temperature and pressure in each phase, and the next 
n equations equate the fugacities of the individual components in each phase. 

A simplified flow chart for the equilibrium calculation is shown in the procedure diagram. 
To initiate the calculation, the feed composition and an estimate of the K values are required. 

The calculation steps are as follows: 

Step 1: Make an equilibrium calculation using a set of assumed X values and the known 
feed composition. This gives a set of compositions of the coexisting phases. 

Step 2: Use the compositions to compute the composition-dependent parameters in the 
equation of state. Based on the known temperature and pressure, find the molar volumes of 
the different phases. 


Step 3: Compute the fugacities of all the components in each phase from the equation of 


State. 

Step 4: Check the fugacities. If the fugacities of all components are the same in each phase, 
stop the calculation. 

Step 5: lf the fugacities in each phase differ, readjust the K values and retum to Step 1. 

Similar schemes apply for dew- and bubble-point calculations. 

The following equations apply to the modified Soave procedure for water-hydrocarbon 
systems. 


A. Phase Volumes 

The equation of state for both the hquid and the vapor phases must be solved for the phase 
volumes based on the phase compositions, temperature, and pressure. The compressibility 
factors and the phase volumes in both the liquid and the vapor phases are given by equations 
(9A6.1-1) and (9A6.1-2). 


2° WS RIVED (9A6.1-1) 
Or 
v>— BE y2_ 62+ RT, 2) ya (9A6.1-2) 
Where: 


T = temperature, in degrees Rankine. 
Z =compressibility factor. 
V =molar volume in pound-moles per cubic foot. 
T = absolute temperature, in degrees Rankine. 
R = gas constant 
= 10.731 (pounds per square inch absolute) (cubic feet) per (pound-mole) (degrees 
Rankine). 
a =energy parameter. 
5 =volume parameter. 


The equation of state may be solved iteratively for Z or it may be rearranged to a cubic form 
in V and solved analytically. The latter is recommended because it minimizes the possibility 
of selecting the incorrect volume root. When the cubic equation is solved, the largest volume 
is the saturated vapor volume and the smallest volume is the saturafed liquid volume. The 
middle root has no physical significance as far as the calculation is concerned. In the equi- 
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brium calculation, note that no matter which solution technique for the volume is employed, 
it must be repeated for all the phases, since a and b depend on the composition of each phase. 


B. Fugacity Coefficient 

The fugacity of a component in a phase may be calculated once the fugacity coefficient has 
been evaluated. The relationship between the fugacity and the fugacity coefficient is given by 
equation (9A6.1-3): 

ff =o'Xe " (9A6.1-3) 

Where: 

ff," = fugacity of Component i in Phase N. 

;" = fugacity coefficient of Component i in Phase N. 

X, =mole fraction of Component i in Phase N. 


-. P total pressure. 


In terms of the modified Soave equation, the fugacity coefficient in a liquid or a vapor 
phase for water-hydrocarbon systems may be calculated from equation (9A6.1-4) once the 
compressibility of that phase has been determined: 


25 
matabz-y-ine-2)-4 [7244 ol eg) (9A6.1-4) 


a 
Where: 
6, = volume parameter of Component i. 
a, = energy parameter for an jj pair. 


aP 
A Sp 

bP 
B=RT 


€ = (2X.X, — X2X,) a’. if i refers to water. 
i 


e = X?a',- Peg a'.,, if i refers to hydrocarbon. 
! 
a’, = secondary energy parameter for a water-hydrocarbon pair. 


C. Equation Constants for Pure Components 
The equation constants for all pure components are calculated from the critical tem- 
perature, the critical pressure, and the acentric factor. 


a, = 0.42747 ( -~*) = (9A6.1-5) 
b, = 0.08664 =) (9A6.1-6) 


Where: 
@, =energy parameter for Component i. 
b,; = volume parameter for Component i. 
T., = critical temperature of Component i, in degrees Rankine. 
Pe, = Critical pressure of Component i, in pounds per square inch absolute. 
R= gas constant 


= 10.731 (pounds per square inch) (cubic feet) per (pound-mole) (degrees Rankine). 
For hydrocarbors. a, is given by 
a; = [: +S,(1- VT.) (9A6.1-7) 
Where: ; 
T,, = reduced temperature of i =<. 


S, = 0.48508 + 1.55171 w, — 0. 15613 w?. 
®, = acentric factor of i. 


For water, a, is given by 


o. = [140.662 (1- re) (9.A6.1-8) 
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Where: 
t= reduced temperature of water = 7/T., . 


D. Equations for Composition-Averaged Parameters 
The composition-averaged parameters a and b are calculated from equations (9A6.1-9) and 
(9A6.1-10): 


e= 2 >X)X; a; — ks) + Lay, x. Xx; (9A6.1-9) 
b= =X,b; (9A6.1-10) 
Where: . 
aij = a;a; 
k,; = binary interaction coefficient 
a); = secondary energy parameter for interaction between water and Hydrocarbon i. 


E. Binary Interaction Coefficient 

The binary interaction coefficients for hydrocarbon-hydrocarbon pairs are zero. The binary 
interaction coefficients berween water and different homologous series of hydrocarbons are given in 
Table 9A6.2. 


F. Secondary Energy Parameter e%,; 

The secondary energy parameter for a water-hydrocarbon pair is given by a group contribution 
method. Different groups constinting hydrocarbons are defined. The secondary energy parameter is 
given by the sum of the group contributions of different groups forming a hydrocarbon molecule mul- 
tiplied by a temperature dependence in terms of reduced temperature of water. Equations (9A6.1-11) 
and (9A6.1-12) give the secondary energy parameter: 


a’.= oft -7rp8] (9A6.1-11) 


G,= De; (9A6.1-12) 
J 


Where: 
G; = sum of the group contributions of different groups forming a hydrocarbon molecule in 
aun (m?/gmol)?. 
T,,, = reduced temperature of water = 7/T,420 
8j = group contribution of Group. 
Different hydrocarbon groups and their group contributions are given in Table 9A6.3. 


Procedure 


Step 1: For water and hydrocarbons in the mixmure, obtain the critical temperature and pressure 
from Chapter 1 and the acentric factor from Chapter 2. 

Step 2: Obtain a; and b, from equations (9A6.1-5) through (9A6.1-8). 

Step 3: Obtain a set of initial X values for the mixture based on ideal K values or some other 
suitable source. 

Step 4: Based on the desired objective (equilibrium fiash, dew, or bubble point), perform a fiash 
calculation to obtain 7, FP and the compositions of the coexisting phases based op the assumed 
K values. 

Step 5: Using T and the phase compositions, apply equations (9A6.1-9) through (9A6.1-11) with 
the appropriate &,; and G; to obtain mixture parameters @ and b in the different phases. 

Step 6: Find the liquid- and vapor-phase volumes from equation (9A6.1-2) using the appropriate 
a@and b parameters. 

Step 7: Compute the fugacity coefficients of all components in all the phases from equation 
(9A6.1-4). 

Step 8: Check the fugacities to see if they match in all the phases for each component. 

Step 9: If they do not match, adjust the estimated K values and proceed to Step 4. If they do match, 
stop the calculation. 
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Calculation 


Adjust 
Viv Vi» Vy y, Li Ly ye xs x m= 


Calculate 
Cie hae 


Nore: The diagram is for a three-phase calculation. L, and L, correspond to the rwo liquid 
phases and g to the vapor phase. x, and x; correspond to compositions in the two liquid 


phases and y, to the composition in the vapor phase. The same procedure would be followed 
for a two-phase calculation. 


COMMENTS ON PROCEDURE 9A6.1 


Purpose 


This procedure is to be used to estimate the compositions of the coexisting phases for 
bydrocarbon-water systems under vapor-liquid, liquid-liquid, or vapor-liquid-liquid equilib- 
Tium. 

Limitations 


The correlation was developed for hydrocarbons up to C,. Caution should be used in 
applying it to heavier hydrocarbons, close to the three-phase critical point, or at temperatures 
greater than 550 F. 


The correlation cannot be used if a hydrocarbon cannot be classified as belonging to one 
of the homologous series bsted in Table 9A6.2. 


Reliability ; 

For hydrocarbons up to Cy. and temperatures below 550 F, an average error of 37 percent 
May be expected for solubility of water in hydrocarbons and 45 percent for solubility of 
hydrocarbons in water. The corresponding errors in the K values of water and hydrocarbons 
may be expected to be about 30 percent. 


Literature Sources 


The original Soave equation of state is from G. Soave, Chem. Eng. Sci. 27 1197 (1972). It 
was modified for water-hydrocarbon systems by V. N. Kabadi and R. 
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9A6.2—9AG6.3 
TABLE 9A6.2 
BINARY INTERACTION COEFFICIENTS FOR 
PROCEDURE 9A6.1 
Homologous Series kwi 
Alkanes 0.500 
Alkenes 0.393 
Dialkenes 0.311 
Acetylenes 0.348 
Naphthenes 0.445 
Cycloalkenes 0.355 
Aromatics 0.315 
TABLE 9A6.3 
GROUP CONTRIBUTION PARAMETERS FOR 
PROCEDURE 9A6.1 
slam ( 72)" 
Group j g;* 10 jam ( an 
CH, 1.3580 
—CH3 0.9822 
—CH,— 1.0780 
| 
= 0.9728 
| 
_— i _ 0.8687 
—CH,— (cyclic) 0.7488 
| 
=e (cyclic) 0.7352 
—CH = CH— (cyclic)? 0.6180 
CH, = CH; 1.7940 
CH, = CH— 1.3450 
| 
CH, =C— 0.9066 
HC = CH 1.6870 
HC =C— 1.1811 
—CH = (aromatic) 0.5117 
| 
—C = (aromatic) 0.3902 
* This value is obtained from very few data; therefore, 
it might not be reliable. 
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9A7.1 


9A7 SOLUBILITY OF NONHYDROCARBON GASES IN WATER 
PROCEDURE 947.1 
HENRY'S CONSTANTS FOR SELECTED GASES IN WATER 
Discussion 


The following equation is used to calculate Henry's constants for selected gases in water at 
low pressures: 


B 
In H = — + BinT + BAT + B, (9A7.1-1) 
T 
Where: 
He = Henry's constant, psia per unit mole fraction of the gas. 
T = Absolute temperature, degrees Rankine. 
B,,B,,B;,B, = Coefficients given in Table 9A7.2. 
Procedure 
Step 1: Obtain the coefficients B1, B2, B3, and B4 from Table 9A7.2. 
Step 2: Calculate the Henry's constant of the gas in water at the specified temperature 
with Equation (9A7.1-1). 
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9A7.1 


COMMENTS ON PROCEDURE 947.1 


Purpose 


Procedure 9A7.1 is presented as a method for calculating the Henry's constant of selected 


gases in water. 


Limitations 


Procedure 9A7.1 is applicable only in the pressure ranges specified in Table 9A7.2. 


Use the method of T. J. Edwards, J. Newman, and J. M. Prausnitz, (73a) to correct the 


Henry's constant calculated from equation (9A7.1-1) for application at high pressures. 


Reliability 


For the temperature and pressure ranges given in table 9A7.2, the Henry's constants 
calculated from equation (9A7.1-1) reproduce experimental data to within +10 percent. 


Individual compound errors are given in Table 9A7.2. 


Literature Sources 


Equation 9A7.1-1 was developed by T. J. Edwards, J. Newman, and J. M. Prausnitz 
(73a). Coefficients were determined by the API Technical Data Book project staff (1996). 


Example 


Calculate the solubility of hydrogen sulfide in water at 77 F and 1 atmosphere partial 


pressure of the gas. 


From Table 9A7.2, for hydrogen sulfide the coefficients B,, B,, B;, and B, are: 


B, = -65864.7, B, = -215.127, B, = 0.185874, B, = 1384.15 
T=77+ 459.67 = 536.67R 
Equation (9A7.1-1) gives 


= —05864-7 ,015.1271n(536.67)+(0.185874(536.67)) +1384.15 


$36.67 
H = 8266.8 psia/mole fraction of gas 


The solubility of hydrogen sulfide in water is 


x= PPeas _ 14.696 
H 8266 .& 
X = 0.00178 


The experimental value is 0.00182 (86d). 
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9A7.3 
PROCEDURE 9A7.3 
EQUILIBRIUM CONCENTRATIONS OF SOUR 
GAS SYSTEMS IN WATER 
Discussion 


The following equations are used to calculate the equilibrium concentration for binary and ternary 
systems of ammonia and hydrogen sulfide gases in water. Binary system equilibnum concentrations can be 
calculated using Equation (9A7.3-1). Temary system equilibrium concentrations can be calculated iteratively 
using Equation (9A7.3-2). Required input includes operating temperature in degrees Fahrenheit, and the partial 
pressure of the selected components in millimeters of mercury. 


Log(PP) = A,*PPM? + A.*PPM + A,*T + A, (9A7.3-1) 


Log(PP) = C,+PPM? + C,sPPM + C,+Z,, + C, (947.3-2) 


Where: 
PP = Partial Pressure (mmHg) 
PPM = Log(parts per million wt.) 

T = Temperature (R) 

Zy, = Function of molar ratio. (see special comments) 
Procedure 

BINARY SYSTEMS 
Step 1: Read the constants A,, A,, A;, and A, for the given component from Table 9A7.4. 


Step 2: Calculate the weight concentration in parts per million at the operating temperature and partial 
pressure of the gas. 


TERNARY SYSTEMS 
Step 1: Obtain the operating temperature and initial guesses of partial pressure for NH, and H.S. 
Step 2: Calculate the molar rate of ammonia to hydrogen sulfide. 
Step 3: Select and calculate the Z term based on the temperature and molar ratio. 


Step 4: Using the partial pressure, Z term, and appropriate constants from Table 9A7.4 calculate the 
partial pressure of the selected component from Equation 9A7.3-2. 


Step 5: Repeat Steps 2-4 for the other component. 


Step 6: Repeat steps 2-6 until the partial pressures converge. 
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9A7.3 
COMMENTS ON PROCEDURE 947.3 
Purpose 


This procedure is given for estimating the equilibrium concentrations of ammonia and hydrogen sulfide in water 
from the system temperature and partial pressure of the gas. 


Limitations 


This procedure is limited to a temperature range of 80-300 F and to concentrations below 10% for the pas. 
Extraploation beyond these limits is not recommended. 


Reliability 


Within the limits of the correlation, the average errors for Equation (9A7.3-1) and Equation (9A7.3-2) are 7.72% 
and 8.41% respectively. The bias for the two equations are -0.38% and -0.49% respectively. 


Special Comments 


The procedure will interpolate between the temperatures listed in Table 9A7.4 for the ternary system by using an 
inverse lever rule. 

The Z term in equation 9A7.3-2 is a function of the molar ratio. The actual function is determined from Table 
9A7.4. The possible functions are: 


M 2 
2 log(M) 
M? m4 
1 - + 
6 120 


where M = molar ratio of ammonia to hydrogen sulfide. 


The third Z can also be expressed as sin(M) | 
M 


Literature Sources 


This procedure was correlated from a method developed by S. A. Newman, Hydrocarbon Processing 70 [9,10,11] 
(1991). 


Examples 
BINARY SYSTEM 
Find the equilibrium concentration of ammonia in water at 248 F and partial pressure of 3.54 psia for ammonia. 


From Equation (9A7.3-1) and the constants in Table 9A7.4, the weight concentration for ammonia is 10085.42 
ppm at the operating conditions. The experimental concentration is 8770 ppm by wt. (306a). 


TERNARY SYSTEM 


Find the concentration of ammonia and hydrogen sulfide in water at 248 F when the partial pressure of hydrogen 
sulfide is 82.5 mmHg and the weight concentration is 7000 ppm. 


From Equation (9A7.3-2) and the parameters in Table 9A7.4, the molar ratio of ammonia to hydrogen sulfide in 
water 1s calculated to be 5.57. The experimental molar ratio is 4.8 (Bid). 
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9A8.1 
9A8 pH OF NONHYDROCARBON GASES IN WATER 
PROCEDURE 9A8.1 
pH OF AMMONIA AND HYDROGEN SULFIDE GASES IN WATER 
Discussion 


The following equations are to be used to calculate the pH for binary and ternary systems of 
ammonia and hydrogen sulfide gases in water. The pH for a binary system can be calculated using 
Equation (9A8.1-1). Required input for binary systems include the component of choice, the 
operating temperature, and the weight concentration of the chosen component in parts per million. 
The pH for a ternary system can be calculated using Equation (9A8.1-2). Required input for ternary 
systems include the operating temperature and the molar ratio of ammonia to hydrogen sulfide in 


water. 


pH = Aj*PPM + A*T + A, (9A8.1-1) 
log (PH) = C,*log[log(M)] + C,+log(M) + Cy+T + C, (9A8.1-2) 


Where: ~ 


PPM = Log(Parts per million wt.) 
T = Temperature (R) 
M = Moles NH,/moles H,S in solution 


Procedure 

Step I: Select the appropriate equation based on the system composition: Equation 
(9A8.1-1) for binary systems, Equation (9A8.1-2) for ternary systems. 

Step 2: Obtain the related coefficients from Table 9A8.2. 

Step 3: From the selected Equation, calculate the pH from the operating temperature 
and either the weight concentration (in ppm wt) for binary systems or the 
ammonia/hydrogen sulfide molar ratio for ternary systems. 
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9A8.1 


COMMENTS ON PROCEDURE 9A8.1 
Purpose 


This procedure is given for estimating the system pH of ammonia and hydrogen sulfide in 
water from the temperature and the equilibrium concentration of the gases. 


Limitations 


This procedure is limited to concentrations below 10 wt% for the gases. For binary systems, 
the temperature range is limited to 80-300 F and 80-200 F for ammonia/water and hydrogen 
sulfide/water systems, respectively. For ternary systems, the temperature range is 80-150 F. 
Extrapolation beyond these limits is not recommended. 


Reliability 
The reliability of the pH values has been found to be within +5 percent. 


Literature Source 


This procedure was correlated from a procedure developed by S. A. Newman, Hydrocarbon 
Processing, 70 [11] 139 (1991). 


Example 


Find the pH of an ammonia/hydrogen sulfide /water system at an operating temperature of 
80 F with an ammonia/hydrogen sulfide molar ratio of 2.0. 


From Equation (9A8.1-2), the pH is calculated to be 8.6 at the operating conditions. An 
experimental value for the pH at these conditions is 9.73 (79d). 
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9A8.2 
TABLE 9A8.2 
PARAMETERS FOR EQUATIONS (9A8.1-1,2) 
BINARY PARAMETERS 
A, A, A; 
Ammonia 480 -0.0106 15.236 
Hydrogen Sulfide ~-0.505 -0.0019 6.807 
TERNARY PARAMETERS 
C, = -0.0084 
C, = 0.1129 
C, = -0.00032 
C, = 1.0689 
9-82 
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COMMENTS ON FIGURES $81.1 AND 9B1.2 


Purpose 


Sbb971 375 


9B1.1-9B1.2 


The curves in these figures indicate the pressure-temperature regions in which gas hydrate 


formation is favored (above and to the left of the appropriate curve). 


Limitations 


Equilibrium conditions are shown in the figures; however, since hydrate systems typically 
exhibit metastable tendencies, a metastable hydrate phase can exist far out of the hydrate 
region. Conversely, hydrate formation will not always occur in the region in which formation 


is favored. 


Reliability 


The figures show the equilibrium hydrate conditions to within 2 percent of the pressure. 


Special Comments 


The discontinuities in the lines correspond to changes in phase of the nonhydrate phases. 
For multicomponent systems, hydrate formation conditions should be determined with the 
K charts, Figures 9B1.4 through 9B1.12, or by Procedure 9B2.1. It should be noted that small 
amounts of impurities can exert a very strong influence on hydrate formation conditions. 


Literature Sources 


Sources of hydrate equilibrium data for these figures are listed in Table 9-0.6. 
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COMMENTS ON FIGURE 981.3 


Purpose 

The curves in this figure indicate the pressure-temperature regions in which gas hydrate 
formation is favored (above and to the left of the appropriate curve). Each curve applies to 
a different specific gravity (air = 1.0). 
Limitations 

Applicability is limited to natural gases containing no more than 3 mole percent of nitro- 
gen, carbon dioxide, or hydrogen sulfide, and no more than 7 percent of hydrocarbons 
heavier than ethane. 
Reliability 


For hydrate equilibria, specific gravity does not satisfactorily characterize a natural gas. As 
a result, an average error in pressure of 10 percent, and a maximum of 40 percent, occurs 
between the figure and published experimental data for gases that do not contain appreciable 
amounts of nitrogen, carbon dioxide, hydrogen sulfide, and hydrocarbons of molecular 
weights greater than ethane. 
Special Comments 


In view of its low reliability, the figure should be used only as a guide. More accurate 
formation conditions can be predicted by the use of the K charts, Figures 9B1.4 through 
9B1.12, or Procedure 9B2.1. 


Literature Sources 
Sources of hydrate equilibrium data for these figures are listed in Table 9-0.6. 
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9B1.4—9B1.7 


COMMENTS ON FIGURES 9B1.4 THROUGH 9B1.7 


Purpose 


The figures show the amount of expansion that can be permitted in natural gases before hydrate 
formation occurs. 


Limitations 


The charts are lumited to natural gases that are predominantly methane. 
Reliability 


For mixtures that are predominantly methane, an average error of 10 percent should be expected. Higher 
errors will occur when appreciable quantities of nitrogen or hydrocarbons heavier than ethane are present. 


Special Comment 


For gases of specific gravities other than 0.6, 0.7, 0.8, and 0.9 (air=1.0), linear interpolation between the 
figures should be used. 


Literature Source 


The figures were redrawn from Katz, Trans. AIME 160 140 (1945). 


Examples 


A. If a natural gas of 0.8 gravity initially at 1000 pounds per square inch absolute and 100 F is 
expanded adiabatically, at what pressure will hydrates first appear? 

In Figure 9B 1.6 read the final pressure from the intersection of the 1000 pounds per square inch absolute 
initial pressure line and the 100 F isotherm. The gas may not be expanded to pressures below 440 pounds per 
square inch absolute without danger of hydrate formation. 

B. If the gas in Example A is initially at 1000 pounds per square inch absolute and 110 F, at what 
pressure will hydrates form from an adiabatic expansion? 

The 1000 pounds per square inch absolute initial pressure line in Figure 9B 1.6 does not intersect with 
the 110 F isotherm, which indicates that the adiabatic expansion will not cool the gas enough to form hydrates. 

C. A gas of 0.8 gravity is expanded adiabatically from 1500 pounds per square inch absolute to 
600 pounds per square inch absolute. What must the initial gas temperature be to avoid hydrate formation? 

The intersection of the 1500 pounds per square inch absolute initial pressure line and the 600 pounds 
per square inch absolute final pressure line occurs at'120 F in Figure 9B1.6. For an initial temperature below 
120 F, a hydrate will form, but for temperatures greater than 120 F, the gas will not be cooled sufficiently by this 
expansion to cause hydrate formation. 
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9B2 ALTERNATIVE COMPUTER PROCEDURE FOR 
PREDICTION OF GAS HYDRATE EQUILIBRIA 


PROCEDURE 9B2.1 


COMPUTER METHOD FOR PREDICTION OF GAS 
HYDRATE FORMATION CONDITIONS 


Discussion 


Formation conditions of hydrates from mixtures of hydrocarbons and related gases can be 
estimated using the Parrish-Prausnitz correlation based on a theory developed by van der 
Waals and Platteeuw. This theory uses a model similar to the Langmuir model for gas 
adsorption and contains the basic statistical thermodynamic equations for gas hydrates. 

Three phases coexist in the gas hydrate system: (1) the hydrate phase, (2) the gas phase 
whose composition must be known on a water-free basis, and (3) an ice phase (below 32 F) 
or a water-rich liquid phase (above 32 F). At equilibrium, the chemical potential of water in 
the hydrate phase equais that in each of the other coexisting phases. Therefore, if ice is 
present, 

bw! (T,P, 8) = py? (T,P) (9B2.1-1) 
or if liquid water is present, 
bu (7, P, 0) = pe (7,P) + RT In X,. (9B2.1-2) 
Where: 
Hw (T,P, 8) = chemical potential of water in hydrate phase. 
Hw (7, P) = chemical potential of ice. 
uw” (T,P) = chemical potential of pure water. 
yw = mole fraction of water in water-rich liquid phase (very close to unity). 


According to the theory of van der Waals and Plateeuw, the difference between the 
chemical potential of water in the empty hydrate lattice and that in the filled lattice is 


Ape = pa? — pe = ~RTD vp In(1- > On) (9B2.1-3) 
m 7] 
Where: 
ww” = chemical potential of water in empty hydrate lattice. 
vw" = chemical potential of water in filled hydrate lattice. 
Vm = number of Type m cavities per water molecule in the lattice. 
8, = fraction of Type m cavities occupied by Gas Component j. 
Ornj = Cm fi /(L + 2 Co fi) (9B2.1-4) 
1 
Where: 
C,,; = Langmuir constant for Component j and Cavity Type m. 
f; = fugacity of Component j in the gas phase. 


Because of equilibrium conditions, the following chemical potential differences are 
defined: 


Apa® = pw? = p* (9B2.1-5) 
Ape” = py? — wy” (9B2.1-6) 
Where: 
Au.“ = chemical potential difference between empty hydrate lattice and ice. 
Ap.” = chemical potential difference between empty hydrate lattice and liquid water. 


If ice is present, Equation (9B2.1-5) is equal to Equation (9B2.1-3). If liquid water is 
present, Equations (9B2.1-3) and (9B2.1-6) are equal. 

The hydrate formation conditions may now be determined by computing a calculated 
chemical potential difference and an experimental chemical potential difference. Using an 
iterative process, equations for both quantities are solved simultaneously. 
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9B2.1 A. Calculated Chemical Potential Difference 
The calculated chemical potential difference is given by 


Any = RTYv,In (1+ ¥C,,,0,9;P) +RTInX, 
m J 


if water is present, or by 
Apt = RTS v, In (rede 0.9; P) 
m 


if ice is present. 
Where: 
,, = the number of Type m cavities per water molecule in the lattice. 
y; = mole fraction of Component j in the gas phase on a water-free basis. 
,; = fugacity coefficient of Component j in the gas phase. 
C,,; = Langmuir constant for Component j and Type m cavity. 


The Langmuir constant is given by 


ee rer? [Par 


Where: 
T = absolute temperature. 
k = Botzmann’s constant. 
w(r) = spherically symmetric cell potential. 


ol2 
w(r) = 20 -( 848 re )-= ~( st 5 } 
RM R R°r | 
-N -N 


i El pe GON Ak fa ee 
eae (14% é | 


Zz = coordination number. 
R = cell radius of the cavity. 
€ = characteristic energy of the hydrate-gas interactions. 
a = spherical core radius. 
6 + 2a = collision diameter. 


2a, 0, and &€/k are known as the Kihara parameters. 


B. Experimental Chemical Potential Difference 


] [N  forN=4,5, 10, 11. 


(9B2.1-7) 


(9B2.1-8) 


(9B2.1-9) 


(9B2.1-10) 


(9B2. 1-11) 


The experimental chemical potential difference is determined in two steps by using a reference 
hydrate. The dissociation pressure of the reference hydrate Pp at the temperature of the system, 7, is 


calculated using equation (9B2.1-12) 
InPp = Ag+ Bpe/T + CplnT 


Where: 


Ar, Br, Cp = constants dependent on the reference hydrate, given in Table 9B2.5. 


(9B2.1-12) 


The chemical potential difference for the reference hydrate at this condition is calculated using 


either equation (9B2. 1-13) or equation (9B2.1-14). If ice is present, 
Bui (Te Pe) AWN Tye Pe) Paty {2 ae 
RT RY, » RT? 
If liquid water is present, 
AL (TPR) ABE (TPL) oP Ant + ant, 
RT RY, ae 


oi 


Where: 
T, = the ice point temperature of the reference hydrate. 


P, = the dissociation pressure of the reference hydrate at T,. 


Ah, = molar difference in enthalpy between the empty hydrate lattice and ice. 
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Av,° = molar difference in volume between the empty hydrate lattice and ice. 
AA,’ = heat of fusion. 

Av.’ = change of volume due to fusion. 

dP/dT = slope of pressure-temperature curve for the reference hydrate. 


Finally, the experimental chemical potential is calculated by equation (9B2.1-15) or 
(9B2.1-16). 


If ice is present, 


Ap.® (T,P) = Ap." (T, Pr) + Ave® (P ~ Pr) (9B2.1-15) 
If water is present, 


Ape" (T,P) = Apa (7, Pr) + (Ave? + AvP — Pr) (9B2.1-16) 
C. Composition 
The composition of the hydrate phase may be calculated by equation (9B2.1-17). 


2 Un Om, 


pS ‘in Bea 
m 1 


(9B2.1-17) 


/ 


Where: 
Y, = mole fraction of Component j in the hydrate phase on a water-free basis. 


Procedure 


A. Procedure for Pressure Prediction 

Step 1. For each component, obtain the critical temperature and pressure from Chapter 
1, the acentric factor from Chapter 2, the Soave equation-of-state parameters from Chapter 
8, and the solubility data from Chapter 9. 

Step 2: Enter the temperature and the composition of the gas phase on a water-free basis. 

Step 3: Check Table 9B2.3 to determine if T is higher than the upper quadruple point of 
the hydrate-forming gases. If so, no hydrate will form and the procedure is stopped. 

Step 4: Estimate the formation pressure. A good estimate would be the formation pres- 
sure of the reference hydrate at the given temperature, from equation (9B2.1-12). 

Step 5: Determine which hydrate structure is formed. If a Structure II-forming gas is 
present, assume Structure II is formed. If not, assume Structure I is formed. 

Step 6: Calculate the Langmuir constants using equations (9B2.1-9) through (9B2.1-11) 
and Table 9B2.4. 

Step 7: Calculate the experimental chemical potential difference at the reference pressure 
using equation (9B2.1-13) or (9B2.1-14). 

Step 8: Calculate the fugacity coefficients of the gases and the mole fraction of water in 
the water-rich liquid phase. if applicable. 

Step 9: Calculate a new pressure by solving equation (9B2.1-7) or (9B2. 1-8) and equation 
(9B2.1-15) or (9B2.1-16) simultaneously. If the new pressure is not equal to the old pressure, 
reestimate pressure and return to Step 8. 

Step 10: If only the structure assumed in Step 5 is formed, go to Step 12. If Structure II 
was assumed, save the answer, assume Structure I will form, and repeat Steps 6 through 9 
until the correct pressure is determined. 

Step IZ. Compare the two pressures. If they are equal, both hydrate structures are formed. 
If they are not equal, the lower pressure is correct, and the structure associated with that 
pressure will be formed. 

Step 12: Calculate the hydrate phase composition if desired, using equation (9B2.1-17). 


B. Procedure for Temperature Prediction 

Follow the same procedure for pressure prediction, except enter an estimated rather than 
an experimental temperature. Adjust the temperature each time through the iteration until 
the calculated pressure equals the given pressure. 
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9B2.1 
FLOW DIAGRAM FOR PREDICTION OF GAS HYDRATE FORMATION PRESSURE 
Read all pure component properties, 
equation of state, solubility; 
read T, all y; values. 
Check 
Table 9B2.3. No 
Will hydrate 
form? 
Yes 
Estimate P; 
assume Structure I or II will form. 
Calculate C,,; values; Ap, (7, P,). 
Calculate ¢; values, X,. 
Assume Calculate new P. 
Structure I Reestimate P 
will form, 
estimate P. 
New P No 
=old P? 
Yes 
Has 
Structure I Yes Will both 
been assumed structures be 
to be formed? 
present? 
Calculate hydrate 
composition. 
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COMMENTS ON PROCEDURE 982.1 


Purpose 


This procedure is to be used to estimate the formation conditions of hydrates formed from 
hydrocarbons and related gases. The vapor-phase composition on a water-free basis must be 
known. The procedure is used to estimate the hydrate formation pressure at a given tem- 
perature or the formation temperature at a given pressure. The hydrate-phase composition 
on a water-free basis may also be computed using this procedure. The required parameters 
are given in Tables 9B2.2 through 9B2.6. 


Limitations 


This procedure is basically limited to small hydrocarbons and the nonhydrocarbon hydrate 
formers—nitrogen, carbon dioxide, and hydrogen sulfide. Non-hydrate formers, such as 
hydrogen and hydrocarbons heavier than and including n-butane, may also be present and 
are treated simply as components of the gas mixture. 

The procedure is applicable to mixtures of water, hydrocarbons, and the related non- 
hydrocarbons which exhibit one vapor phase, one water-rich liquid phase, and the hydrate 
phase. It cannot be used for fully condensed systems. 

The correlation has been tested against nine pure-component and 25 multicomponent 
systems. (A binary mixture of water and a hydrate former is considered a pure-component 
system.) The procedure is applicable to hydrocarbon and hydrogen sulfide pure-component 
systems but not to nitrogen and carbon dioxide systems. It is most reliable for multi- 
component systems in which the concentrations of the nonhydrocarbons are less than about 
50 percent. The correlation is most accurate at pressures up to about 10,000 pounds per 
square inch absolute, above which convergence is slow and not always achieved. 

Because of the complex nature of the procedure, the convergence routine used is very 
important and may influence the success or failure of the computer program. Several differ- 
ent techniques should be available to guarantee convergence. 

Based on limited data, the procedure is usually reliable for calculating hydrate phase 
composition. However, it should be used with caution for components whose gas-phase 
compositions are less than 20 percent. 


Reliability 


For pressure prediction in pure component systems, an average error of 29 percent can be 
expected, excluding isobutane. The error in pressure prediction for isobutane is 120 percent. 
The average error in temperature prediction for pure component systems is less than 10 F. 

For multicomponent systems, an average error of 25.0 percent can be expected for pressure 
prediction. An average error in temperature prediction of 3.8 F may be expected. 

Use this procedure with caution for the calculation of hydrate phase composition and 
K values, since insufficient data are available to predict the expected error. In addition, no 
data are available to determine which of the methods (i.e., this procedure or Figures 9B1.4 
through 9B1.12) is correct. 


Special Comments 


Ongoing studies are being done to further improve the Kihara parameters in Table 9B2.4. 
The user is advised to refer to current literature to obtain the most recent values for those 
parameters. 


Literature Source 


This procedure is basically from W. R. Parrish and J. M. Prausnitz, Ind. Eng. Chem. Prac. 
Des. Develop. 11 26 (1972), and has been modified and adapted for use in this book. 
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9B2.2-9B2.3 
TABLE 9B2.2 
PHYSICAL PROPERTIES OF HYDRATE LATTICE 
Structure I Structure II 
Ideal Composition? M,-3M)-32H5O0 M,-2M,-17H,O 
Number of water molecules or unit cell 46 136 
Number of cavities per unit cell 
Small 2 16 
Large 6 8 
Cell diameter, angstroms 
Small 7.90 7.82 
Large 8.60 9.46 
Coordination number 
Small 20 20 
Large 24 28 
* Hydrate composition if large molecules M> occupy all the large cavities and if small molecules M 
occupy all the small cavities. 
TABLE 9B2.3 
UPPER QUADRUPLE POINT CONDITIONS FOR HYDRATES OF PURE GASES 
Upper Quadruple Point 
T 6 P 
Gas Structure Formed (F) (psia) 
Methane* 1 = — 
Ethane 1 57.6 479.1 
Propane 2 41.5 80.8 
Isobutane 2 35.4 24.2 
Cyclopropane? 1,2 61.2 82.0 
Ethylene* I = = 
Propylene 2 33.7 87.0 
Nitrogen* 1 = — 
Carbon dioxide I 49.8 652.5 
Hydrogen sulfide I 85.1 84.9 
* No upper quadruple point for this gas. 
> Structure formed depends on temperature. 
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9B2.4—-9B2.6 
TABLE 9B2.4 
KIHARA PARAMETERS FOR CALCULATING LANGMUIR CONSTANTS 
Gas 2a o e/k 
(angstroms) (angstroms) (degrees Rankine) 
Methane 0.7668 3.1710 278.17 
Ethane 1.1302 3.2541 318.44 
Propane 1.3004 3.3074 376.13 
Isobutane 1.6000 3.1244 396.94 
Cyclopropane 1.0000 3.4559 379.04 
Ethylene 0.9400 3.2910 311.17 
Propylene 1.3000 3.2304 364.36 
Nitrogen 0.7052 2.8950 244.82 
Carbon dioxide 1.3610 2.9718 302.89 
Hydrogen sulfide 0.7200 3.1989 365.40 
TABLE 9B2.5 
CONSTANTS FOR CALCULATING DISSOCIATION PRESSURES 
OF REFERENCE HYDRATES 
Temperature Range 
Ar Br Ce (F) 
Structure [ 24.1313 ~6,043 .63 1.8500 —80-32 
—1,322.5387 79,819.2 187.719 32-80 
Structure II 11.3257 ~7,366.27 0.316033 ~4-32 
~1,117.1406 62,971.7 159.923 32-64 
4,424.168 —348,171.8 -599.755 64-86 
NOTE: For pressures measured in atmospheres and temperatures measured in degrees Rankine. 
TABLE 9B2.6 
THERMODYNAMIC PROPERTIES OF EMPTY HYDRATE (8 PHASE) AND LIQUID 
WATER RELATIVE TO ICE (a PHASE) AT 0 C AND NO PRESSURE 
Structure I Structure I 
py? — uy, British thermal units 
per pound-mole 543.6 379.8 
h,® ~ hy, British thermal units 
per pound-mole 495.0 347.4 
vy — vy, cubic feet per pound-mole 4.8056 x 10-2 5.4463 x 1072 
h, | — Ay“, British thermal units 
per pound-mole 2592.0 
C,'- C,®, British thermal units 
per pound-mole (7 in degrees Rankine) 9.11 — 0.01867 (T - 491.7) 
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PREFACE 


During the past two years using all new data and correlations available, the 
Technical Data Book—Petroleum Refining project staff in the Department of Chem- 
ical Engineering at The Pennsylvania State University has revised the surface ten- 
sion portion of Chapter 10 and added new material on interfacial tension. Data 
banks were prepared and procedures were replaced and added. Detailed results of 
the evaluations are given in Documentation Report No. 10-82 available from Uni- 
versity Microfilms, Ann Arbor, Michigan. 

Work on this chapter was primarily accomplished by M. J. Engel under the 
project directors Thomas E. Daubert and Ronald P. Danner. The chapter coordi- 
nator for the Subcommittee on Technical Data was Costa Tsonopoulos, Exxon 
Research and Engineering Company. 


Thomas E. Daubert 

Ronald P. Danner 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

June 1982 
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CHAPTER 10 
SURFACE AND INTERFACIAL TENSION 


10-0 INTRODUCTION 
Surface Tension 


The molecules at a liquid-gas interface are acted upon 
by unbalanced forces of attraction whose net inward 
force tends to minimize the surface area of the liquid. 
The work required to expand the surface area by 1 
square centimeter is called the surface free energy. The 
opposing force in the surface of the liquid acts parallel 
to the plane of the surface and is called the surface 
tension. 

A knowledge of surface tension behavior is becoming 
increasingly important where foaming, wetting, emulsi- 
fication, and droplet formation are encountered. Spe- 
cifically, surface tension data are used in designing bub- 
ble caps, trays, and towers for distillation and extraction 
units. 

Pure Hydrocarbons: The surface tensions of pure 
hydrocarbons may be obtained from the low- and high- 
temperature nomographs, Figures 10A1.1 and 10A1.2, 
respectively. The grid coordinates and temperature lim- 
its are listed in Table 10A1.3. These nomographs are 
based mainly on data from API Research Project 44 
(2a) with temperature limits extended using indepen- 
dent experimental data. All values are for the air- 
saturated liquid at 1 atmosphere, with the exception of 
methane, propane, n-butane, isobutane, and n-pen- 
tane, which are for the liquid in equilibrium with its 
vapor under a higher (saturation) pressure. 

For compounds not appearing in Table 10A1.3, a list 
of group contribution values for calculating parachors is 
given in Procedure 10A1.4. From the parachor, molec- 
ular weight, and density of the material, the surface 
tension may be calculated using the relationship of 
Sugden (118a), Procedure 10A1.4. A quick and accu- 
rate estimate may be obtained from Figure 10A1.5, 
which correlates reduced temperature and Watson 
characterization factors to the surface tension. 

Pressure Effect: By the phase rule, the effect of 
pressure on the surface tension of a liquid can be stud- 
ied only if two components are present (with one com- 
ponent, pressure—that is, vapor pressure—fixed for a 
given temperature). The effect of pressure, therefore, is 
inseparable from the effects of solubility and adsorp- 
tion. Very few studies have been performed in this area, 
and no general correlations exist. 

Due to the solubility effect (increasing pressure gen- 
erally results in increased gas solubility), the surface 
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Source: Slowinski, et al., J. Phys. Chem. 61 808 (1957). 


Figure 10-0.1—Effect of Pressure on Surface Tension of 
n-Hexane at 25 C For Various Gases 


tension would be expected to decrease with increasing 
pressure. This has been proven theoretically (35c) and 
verified by various researchers. Slowinski et al. (39c) 
were first to report that, in general, the higher the crit- 
ical temperature (or boiling point) of the gas, the 
greater the decrease in surface tension with increasing 
pressure. Their results for the surface tension of 1- 
hexane against several gases are shown in Figure 10-0.1. 
In terms of increasing critical temperature (or boiling 
point), this ordering effect is largely supported by inde- 
pendent data (14c, 31c, 43c) and may be visualized as an 
increased solubility effect. 

A relation between surface tension and pressure 
(16c) for a greater range of pressure than that of Figure 
10-0.1 is presented in Figure 10-0.2. As can be seen, the 
relation is independent of the hydrocarbon for various 
paraffins under nitrogen. It was also shown (16c) that 
the surface tensions of n-hexane and n-nonane increase 
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Figure 10-0.2—Effect of Pressure on Surface Tension of 
Several Nitrogen-Hydrocarbon Systems at 22 C 


with increasing pressure when helium is the overlying 
gas. 

It would be erroneous to extend these results beyond 
the specific systems that have been studied. For exam- 
ple, where the two components have comparable vol- 
atilities, these results may not follow. 

Defined Mixtures: The surface tension of a mix- 
ture of known composition may be predicted by either 
of two methods, depending on the system pressure. For 
systems below or near atmospheric pressure, the meth- 
od of Morgan and Griggs (28b), Procedure 10A2.1, 
may be used. For systems above atmospheric pressure, 
the method of Weinaug and Katz (43b), Procedure 
10A2.2, should be employed. 

Crude Oils and Petroleum Fractions: Two meth- 
ods for estimating the surface tension of crude oils and 
petroleum fractions are included. Procedure 10A3.1 es- 
timates these values graphically by a modified use of 
Figure 10A1.5 and should be used as a desk method. 
When large amounts of data must be evaluated, Pro- 
cedure 10A3.2 can be used with the aid of a computer 
to calculate the surface tension values. 

Nonhydrocarbons: The surface tension of pure 
nonhydrocarbons may be predicted with good accuracy 
from Figure 10A4.1. The grid coordinates and tem- 
perature limits that accompany this figure are given in 
Table 10A4.2. Additional nonhydrocarbons and data 
sources are presented in Table 10A4.3. The grid coordi- 
nates for these substances may be determined by plot- 
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ting data from the sources given. For substances that do 
not appear in either Table 10A4.2 or Table 10A4.3, 
surface tension values may be obtained using Procedure 
10A1.4 and the group contributions therein. 


Interfacial Tension 


In order for an interface to exist in a binary liquid 
system, the two compounds must be partially or totally 
immiscible. At the interface, the interfacial tension, or 
free energy, results from a complex balance of attrac- 
tive and repulsive forces acting within each bulk phase 
and across the interface. These forces, dispersion, 
induction, dipole-dipole interactions, and hydrogen 
bonding, vary with temperature, pressure, solubility, 
and the size and geometric arrangement of the 
molecules. 

Most correlations attempt to predict the interfacial 
tension from the properties of the bulk phases with 
some allowance for the interaction between liquids. 
However, many researchers agree that there exist 
monolayers on each side of the interface that exhibit 
distinctly different properties from those of the bulk 
phase, and that govern the interfacial tension. 

Much research has been done on such monolayers, 
especially through the use of surfactants. When minute 
amounts of certain compounds are introduced into a 
bulk phase, the composition of the monolayers, and 
thus the interfacial tension, changes dramatically. This 
area is beyond the scope of this chapter. Knowledge of 
interfacial tensions has been of particular importance to 
many liquid-liquid mass transfer operations and is of 
increasing importance to enhanced oil recovery. 

Hydrocarbon-Water Interfaces: In pure hydro- 
carbon—water systems the mutual solubilities are rela- 
tively low, and several correlations accurately predict 
the interfacial tension from bulk properties. If the inter- 
facial tension at or near ambient conditions is known, 
Procedure 10B1.1 estimates the interfacial tension of 
any hydrocarbon-water system. In this method, the 
liquid-liquid interaction is accounted for by the dis- 
persion forces within each phase. The dispersion forces 
within the hydrocarbon phase are assumed to be equal 
to the surface tension, while those for water must be 
calculated for each system. 

Procedure 10B1.3 is an alternate method for esti- 
mation of interfacial tension for hydrocarbon-water sys- 
tems using only the surface tension of each pure liquid 
phase. This method is used only when dispersion con- 
stants are not obtainable. 

Temperature Effect: Although both temperature 
and pressure affect the interfacial tension between two 
liquids, temperature variations produce much larger 
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changes than do pressure variations. These changes layers and thus the interfacial tension. Both Procedures 
occur due to the influence of temperature on mutual 10B1.1 and 10B1.3 compensate for temperature 
solubilities, which alters the composition of the mono- changes; neither compensates for pressure changes. 
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COMMENTS ON FIGURE 10A1.1 


Purpose 

Surface tension-temperature data are presented for pure hydrocarbons. For higher molec- 
ular weight hydrocarbons, use Figure 10A1.2. 
Limitations 

The valid temperature range for each hydrocarbon is given in Table 10A1.3. 


Reliability 
Values taken from this nomograph are accurate to within 0.5 dyne per centimeter. 


Literature Sources 
The nomograph was prepared using data from the references noted in Table 10A1.3. 


Example 


Find the surface tension of n-butane at —10 F. 

From Table 10A1.3, —10 F is within the valid temperature range for n-butane. 

A straight line through the temperature scale at —10 F and the pivot point intersects the 
surface tension scale at 17.6 dynes per centimeter. 

The experimental value (2a) is 17.62 dynes per centimeter. 
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COMMENTS ON FIGURE 10A1.2 


Purpose 

Surface tension-temperature data are presented for pure hydrocarbons. For lower molec- 
ular weight hydrocarbons, use Figure 10A1.1. 
Limitations 

The valid temperature range for each hydrocarbon is given in Table 10A1.3, along with the 
necessary grid coordinates. 
Reliability 

Values taken from this nomograph are accurate to within 0.5 dyne per centimeter. 


Literature Sources 
The nomograph was prepared using data from the references noted in Table 10A1.3. 


Example 


Find the surface tension of ethylbenzene at 180 F. 

Table 10A1.3 shows that 180 F is within the temperature limits for the compound. The X-Y 
coordinates are 2.76 and 5.85, respectively. This locates the pivot point on the grid. 

A straight line through the pivot point and temperature scale at 180 F intersects the surface 
tension scale at 22.4 dynes per centimeter. 

The experimental value (2a) is 22.6 dynes per centimeter. 
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TABLE 10A1.3 
GRID COORDINATES, TEMPERATURE RANGES, AND DATA SOURCES FOR FIGURES 10A1.1 AND 10A1.2 


Temperature 
Xx Y Range (F) Data Source 
Figure 10A1.1 
Methane —_— _ —292. to —256 2a, 5la 
Ethane —_ — —162.8 to —101.2 2a, 71a 
Propane —_ —_ —95.8 to —38.4 2a, 71a 
n-Butane —_— —_— —33 ~to 85.5 2a, 13a 
2-Methylpropane (isobutane) — — —33.3 to 74 2a, 13a 
n-Pentane — _— -4 to 104 2a, 53a, 54a, 90a, 120a, 
124a, 132a 
Ethene (ethylene) — — —170.3 to —126.9 2a 
Propene (propylene) — — —79.6 to —9.2 Tla 
1-Butene —_ —_ —67 to 68 13a 
cis -2-Butene — — 14 to 68 2a 
trans -2-Butene _ — -58 to 68 2a 
2-Methylpropene (isobutylene) _— -- -67 = to 68 2a, 14a 
1-Pentene —_— —_— -22 ~=to 77 2a 
cis -2-Pentene —_ —_— -94 to 176 2a, 108a 
trans -2-Pentene —_ — —94 to 176 108a 
2-Methyl-1-butene —_— _ 32. —sto 86 2a 
3-Methyl-1-butene — = 32 ~—sto 77 2a 
2-Methyl-2-butene —_ _ -94 to 176 2a 
Ethyne (acetylene) —_ _ -115.2 to —68.8 Tla 
Propyne (methylacetylene) — _— —37.1 to 11.3 79a 
1-Butyne (ethylacetylene) _— — —24.3 to 48 79a 
Figure 10A1.2 
Paraffins 
n-Hexane 2.925 2.43 14 to 140 2a 
2-Methylpentane (isohexane) 2.875 2.15 32 to 140 2a 
3-Methylpentane 3.07 2.265 32, to 104 2a 
2,2-Dimethylbutane 2.80 1.83 32 to 104 2a 
2,3-Dimethylbutane 2.90 2.13 32 to 122 2a 
n-Heptane 2.70 3.20 32. to 428 2a 
2-Methylhexane (isoheptane) 2.67 2.92 14 to 194 2a 
3-Methylhexane 2.70 3.075 14 to 194 2a 
3-Ethylpentane 2.70 3.25 14 to 194 2a 
2,2-Dimethylpentane 2.62 2.53 144 to 158 2a 
2,3-Dimethylpentane 2.715 3.10 14 to 176 2a 
2,4-Dimethylpentane 2.675 2.53 144 «to 176 2a 
3,3-Dimethylpentane 2.66 3.015 14 to 176 2a 
2,2,3-Trimethylbutane 2.59 2.79 14 to 176 2a 
n-Octane 2.625 3.73 14 to 320 130a 
2-Methylheptane (isooctane) 2.58 3.475 32. to 212 2a 
3-Methylheptane 2.60 3.615 32 to 212 2a 
4-Methylheptane 2.59 3.58 32. to 212 2a 
3-Ethylhexane 2.62 3.71 32. to 212 2a 
2,2-Dimethylhexane 2.41 3.21 32 to 212 2a 
2,3-Dimethylhexane 2.47 3.63 32. to 212 2a 
2,4-Dimethylhexane 2.46 3.33 32. to 212 2a 
2,5-Dimethylhexane 2.48 3.23 32 to 212 2a 
3,3-Dimethylhexane 2.38 3.58 32. to 212 2a 
3,4-Dimethylhexane 2.50 3.865 32. to 212 2a 
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TABLE 10A1.3 (continued) 


GRID COORDINATES, TEMPERATURE RANGES, AND DATA SOURCES FOR FIGURE 10A1.2 


10A1.3 

x 
2-Methyl-3-ethylpentane 2.50 
3-Methyl-3-ethylpentane 2.425 
2,2,3-Trimethylpentane 2.35 
2,2,4-Trimethylpentane (isooctane) 2.37 
2,3,3-Trimethylpentane 2.37 
2,3,4-Trimethylpentane 2.425 
n-Nonane 2.495 
2-Methyloctane (isononane) 2.55 
3-Methyloctane 2.50 
4-Methyloctane 2.50 
3-Ethylheptane 2.56 
4-Ethylheptane 2.56 
2,2-Dimethylheptane 2.48 
2,3-Dimethylheptane 2.17 
2,4-Dimethytheptane 2.47 
2,5-Dimethylheptane 2.47 
2,6-Dimethylheptane 2.47 
3,3-Dimethylheptane 2.48 
3,4-Dimethylheptane 2.46 
3,5-Dimethylheptane 2.46 
4,4-Dimethylheptane 2.48 
2-Methyl-3-ethylhexane 2.46 
2-Methyl-4-ethylhexane 2.46 
3-Methyl-3-ethylhexane 2.50 
3-Methyl-4-ethylhexane 2.50 
2,2,3-Trimethylhexane 2.40 
2,2,4-Trimethylhexane 2.05 
2,2,5-Trimethylhexane 2.27 
2,3,3-Trimethylhexane 2.44 
2,3,4-Trimethylhexane 2.46 
2,3,5-Trimethylhexane 2.24 
2,4,4-Trimethylhexane 2.01 
3,3,4-Trimethylhexane 2.60 
3,3-Diethylpentane 2.25 
2,2-Dimethyl-3-ethylpentane 2.45 
2,3-Dimethyl-2-ethylpentane 2.50 
2,4-Dimethyl-3-ethylpentane 2.46 
2,2,3,3-Tetramethylpentane 2.34 
2,2,3,4-Tetramethylpentane 2.20 
2,2,4,4-Tetramethylpentane 2.37 
2,3,3,4-Tetramethylpentane 2.25 
n-Decane 2.39 
2,7-Dimethyloctane 2.35 
4,5-Dimethyloctane 2.25 
3,4-Diethylhexane 2.26 
n-Undecane 2.25 
n-Dodecane 2.18 
n-Tridecane 2.13 
n-Tetradecane 2.10 
n-Pentadecane 2.06 
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Temperature 
Range (F) 
32. to 212 
32. to 212 
32. to 212 
32. to 194 
32 to 212 
32. to 212 
-22 to 302 
32. to 140 
32. to 140 
32. to 140 
32. to 140 
32. to 140 
32 to 140 
32 to §=—:140 
32. to 140 
32. to 140 
32. to 145 
32. to 140 
32, to 140 
32 to 140 
32. to 140 
32 to = 140 
32, to 140 
32. to 140 
32. to 140 
32. to 140 
32, to 140 
32. to 140 
32. to 140 
32, to 140 
32 to 140 
32 to 140 
32. to 140 
32 to 140 
32 to 140 
32. to 140 
32. to 140 
32. to 140 
32 to 140 
32. to 140 
32, to 140 
—-4 to 248 
55.4 to 187 
70.7 to 188.2 
71.6 to 191.3 
-—4 to 248 
32 to 248 
32. to =—.248 
50 to 86.248 
68 to 248 


Data Source 


2a 
2a 
2a 
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TABLE 10A1.3 (continued) 


GRID COORDINATES, TEMPERATURE RANGES, AND DATA SOURCES FOR FIGURE 10A1.2 


n-Hexadecane 
n-Heptadecane 
n-Octadecane 
n-Nonadecane 
n-Eicosane 
n-Hexacosane 


n-Hexacontane 


Naphthenes 


Cyclopentane 
Methylcyclopentane 
Ethylcyclopentane 
1,1-Dimethylcyclopentane 
n-Decylcyclopentane 


Cyclohexane 
Methylcyclohexane 
Ethylcyclohexane 
1,1-Dimethylcyclohexane 

cis -1,2-Dimethylcyclohexane 


trans -1,2-Dimethylcyclohexane 
cis -1,3-Dimethylcyclohexane 
trans -1,3-Dimethylcyclohexane 
cis -1,4-Dimethylcyclohexane 
trans -1,4-Dimethylcyclohexane 


n-Propylcyclohexane 
Isopropylcyclohexane 
1,1,3-Trimethylcyclohexane 
n-Butylcyclohexane 
Isobutylcyclohexane 


sec -Butylcyclohexane 
tert-Butylcyclohexane 
n-Decylcyclohexane 
Methylenecyclohexane 
1-Methy]l-3-methylenecyclohexane 


1-Methyl-4-methylenecyclohexane 
Methylcyclopentadecane 


Olefins 


1-Hexene 
1-Heptene 
1-Octene 
1-Nonene 
1-Decene 


1-Undecene 
1-Dodecene 
1-Tridecene 
1-Tetradecene 
1-Pentadecene 
1-Hexadecene 
1-Heptadecene 
1-Octadecene 
1-Nonadecene 
1-Eicosene 
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6.16 
6.35 
6.53 
6.54 
6.72 
7.55 


8.375 


AANA RPRWWN 
SCANAWO a ae 


Bored EPvnae 


Temperature 
Range (F) 
68 to 248 
68 to 248 
68 to 248 
68 to 248 
68 to 248 
197 to 317 
239.7 to 375.1 
32, to 104 
32 to 140 
32 to 140 
32. to 140 
32 to 212 
50 to 140 
32. to 122 
32. to 140 
32 to 122 
32. to 140 
32 to 140 
32, to 140 
32. to 140 
32, to 140 
32 to 140 
68 to 104 
68 to 104 
68 to 104 
68 to 104 
68 to 104 
68 to 104 
68 to 104 
50 to 212 

63.5 to 142.7 
61 to 143 
61 to 189 
94 «to 174 
32. to 140 
32. to 176 
32. to 212 
32 to 212 
32. to 212 
32. to 212 
32. to 8 212 
32 to 212 
32 to 212 
32 to 212 
50 to 212 
68 to 212 
68 to 212 
77 to 212 
77 to 212 
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Data Source 


2a 
2a 
2a 
2a 
2a 
103a 


103a 


2a 
2a 
2a 
2a 
§2a, 54a 


98a 
98a, 132a 
98a 
98a 
98a 


98a 

98a 

52a, 54a, 100a 
123a 

32a, 123a 


32a, 123a 
100a 
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10A1.3 
TABLE 10A1.3 (continued) 
GRID COORDINATES, TEMPERATURE RANGES, AND DATA SOURCES FOR FIGURE 10A1.2 
Temperature 
Xx Y Range (F) Data Source 

Cycloolefins 

Cyclopentene 3.90 3.00 8 to 95 32a, 48a 
Cyclohexene 3.41 4.40 14 to 158 32a, 48a, 109a, 123a 
Cyclohexadiene 3.42 4.61 68 to 140 109a 
Methylcyclohexene 2.75 5.05 52.6 to 142 32a, 48a, 123a 
Acetylenes 

1-Heptyne 2.90 3.80 68 to 140 35a 

1-Octyne 2.82 4.23 68 to 140 35a 

1-Nonyne 2.67 4.745 68 to 185 35a 

1-Decyne 2.53 5.16 68 to 185 35a 
1-Undecyne 2.43 5.47 68 to 185 35a 
1-Dodecyne 2.35 5.74 68 to 185 35a 
1-Tridecyne 2.35 5.84 68 to 185 35a 
3-Cyclohexyl-1-propyne 2.44 6.445 68 to 185 35a 

Aromatics 

Benzene 3.51 5.00 50 to 464 2a 
Methylbenzene (toluene) 3.05 §.37 32 to 212 2a 
Ethylbenzene 2.76 5.85 32 to 212 2a 
1,2-Dimethylbenzene (0 -xylene) 2.82 6.08 32. to 212 2a 
1,3-Dimethylbenzene (m-xylene) 2.85 5.61 32. to 212 2a 
1,4-Dimethylbenzene (p-xylene) 2.70 5.69 68 to 212 2a 
n-Propylbenzene 2.70 5.90 32 to 212 2a 
Tsopropylbenzene 2.56 5.80 68 to 194 2a 
1-Methyl-2-ethylbenzene 2.75 6.21 68 to 104 2a 
1-Methyl-3-ethylbenzene 2.16 5.45 68 to 104 2a 
1-Methyl-4-ethylbenzene 2.65 5.85 50 to 212 2a 
1,2,3-Trimethylbenzene 2.60 5.70 68 to 104 2a 
1,2,4-Trimethylbenzene 2.60 6.25 68 to 212 2a 
1,3,5-Trimethylbenzene 2.67 5.91 32 to 212 2a 
n-Butylbenzene 2.64 6.02 59 to 104 8a, 46a, 125a 
Isobutylbenzene 2.70 5.46 68 to 104 23a 
sec-Butylbenzene 2.35 6.12 68 to 104 23a 
tert-Butylbenzene 2.44 5.90 68 to 104 23a, 49a 
1,2-Diethylbenzene 2.79 6.20 68 to 104 23a 
1,3-Diethylbenzene 2.71 §.91 68 to 104 23a 
1,4-Diethylbenzene 2.71 5.87 68 to 104 23a 
1-Methyl-4-isopropylbenzene 2.22 5.82 53.4 to 343 43a, 44a, 96a 
n-Pentylbenzene 2.33 6.42 55.8 to 107.1 8a, 46a, 125a 
n-Hexylbenzene 2.13 6.79 68 to 104 46a, 125a 
n-Decylbenzene 1.68 7.44 54 to 212 52a, 54a 
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10A1.4 
PROCEDURE 10A1.4 
ESTIMATION OF SURFACE TENSION FROM THE PARACHOR 
Discussion 
For compounds that are not included in Table 10A1.3 because of the absence of experi- 
mental data, surface tension values may be estimated using the equation: 
P 4 
o=[F @.-e)| (0A1.4-1) 
Where: 
o = surface tension, in dynes per centimeter. 
P = parachor, sum of group contributions. 
M = molecular weight. 
px. = saturated liquid density at the system temperature, in grams per milliliter. 
pv = saturated vapor density at the system temperature, in grams per milliliter. 
The group contributions for calculating the parachor are listed in the following tabulation: 
Group Contribution Group Contribution 
CH) in —(CH)),: Single bond 0.0 
n<12 40.0 Semipolar bond 0.0 
n>12 40.3 Singlet linkage —9.5 
Cc 9.0 Hydrogen bridge -14.4 
H 15.5 Chain branching, per branch -3.7 
H in OH 10.0 Secondary-secondary 
H in HN 12.5 adjacency —-1.6 
Oo 19.8 Secondary-tertiary 
O, in esters 54.8 adjacency —2.0 
N 17.5 Tee ee 2s 
S 49.1 adjacency : 
P 40.5 Alkyl groups: 
F 26.1 1-Methylethy! 133.3 
Cl 55.2 1-Methylpropy] 171.9 
Br 68.0 1-Methylbutyl 211.7 
I 90.3 2-Methylpropyl 173.3 
: : 1-Ethylpropyl 209.5 
mibyieue Dod: 1,1-Dimethylethy! 170.4 
Terminal 19.1 : 
Be 1,1-Dimethylpropyl 207.5 
2,3-Position 17.7 ; 
She b 1,2-Dimethylpropyl 207.9 
3,4-Position 16.3 1.13 THmethuloronul 243.5 
Triple bond 40.6 i ea eee es les 2 ; 
: Ring closure: 
Carbonyl bond in ketones 3-Membered ring 12.5 
RCOR’: ; 
; = 4-Membered ring 6.0 
Total C =3 22.3 ; 
5-Membered ring 3.0 
4 20.0 : 
6-Membered ring 0.8 
; ee 7-Memberted ti 4.0 
6 17.3 -Membered ring : 
7 17.3 Position differences in 
8 15.1 benzene: 
9 14.1 Ortho—Meta 1.8—3.4 
10 13.0 Meta—Para 0.2—0.5 
11 12.6 Ortho—Para 2.0—3.8 
*Use this value for double bonds in cyclic compounds. 
"Use 16.3 for double bonds in the 3,4- or higher positions. 
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Procedure 


Step I: Obtain the molecular weight from Chapter 1 and the saturated vapor and liquid 
densities from Chapter 6. 

Step 2: From the preceding tabulation, obtain the various contributions that are required 
to form the desired molecule. Sum the contributions to derive a value for the parachor. 

Step 3: Calculate the surface tension using equation (10A1.4-1). 


COMMENTS ON PROCEDURE 10A1.4 


Purpose 

An equation is presented for calculating the surface tension of pure components under a 
wide variety of conditions for compounds not included in Table 10A1.3. 
Limitations 

Methane and ethane surface tensions should not be predicted by this method as errors of 
15-20 percent result. The equation is not accurate above reduced temperatures of 0.90. 
Reliability 

Surface tensions are predicted by this method with an average error of 2.3 percent. 


Literature Sources 


The equation was developed by Sugden, J. Chem. Soc. 125 32 (1924). Group contributions 
for calculating parachors are from Quayle, Chem. Rev. 53 439 (1953). 


Example 


Calculate the surface tension of ethylbenzene at 180 F. 

From Chapter 1, the molecular weight is 106.2, and, from Chapter 6, the saturated liquid 
and vapor densities are 0.812 grams per milliliter and 0.00063 grams per milliliter, re- 
spectively. The parachor is calculated from the contributions in the preceding tabulation: 


7 Carbon atoms, (7) (9.0) = 63.0 
8 Hydrogen atoms, (8) (15.5) = 124.0 
3 Ethylenic bonds, (3) (19.1) = 57.3 
1 Six-member ring closure, (1) (0.8) = 0.8 
1 —CH,— group, (1) (40.0) = 40.0 

Total = 285.1 


From equation (10A1.4-1), 


4 
Oz [ (285.1. 1) (0.812 — 0.00063) = 22.5 dynes per centimeter 


The experimental value (2a) is 22.6 dynes per centimeter. 
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10A1.5 
COMMENTS ON FIGURE 10A1.5 

Purpose 

Figure 10A1.5 is presented as a desk method for the estimation of the surface tensions of pure 
hydrocarbons at the corresponding vapor pressure for temperatures above the normal boiling point. 
It is the most accurate method available for predicting methane and ethane surface tensions. 
Procedure 

Step 1: Obtain the critical temperature of the hydrocarbon from Chapter 1. 

Step 2: Calculate the reduced temperature. 

Step 3: Tf a point for the hydrocarbon is not presented on the nomograph, obtain the Watson 
characterization factor from Chapter 2. 

Step 4: Determine the surface tension from Figure 10A1.5. 
Limitations 

This method is only accurate at the vapor pressure of the system. Do not extrapolate along either 
ordinates or the diagonal. The method should not be used for condensed ring aromatic compounds. 
Reliability 

Pure component surface tensions are estimated with an average error of 2.5 percent. 
Literature Source 

This nomograph was developed by Hadden and presented in Hydrocarbon Processing 45 (10] 161 
(1966). 
Example 

Calculate the surface tension of methane at —199 F. 

From Chapter 1, the critical temperature of methane is —116.67 F. The reduced temperature is 
calculated as: 

T, = (199 + 459.6)(-116.6 + 459.6) = 0.76 

Notice that a point for a C, hydrocarbon is given in Figure 10A1.5. A straight line through that 
point and the left-hand scale at 7, = 0.76 projects through the surface tension scale at 6.80 dynes per 
centimeter. The experimental value (51a) is 7.28 dynes per centimeter. 
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PROCEDURE 10A2.1 


SURFACE TENSION OF DEFINED HYDROCARBON MIXTURES AT LOW 
PRESSURES 


Discussion 


For mixtures of known composition at or below atmospheric pressure, surface tensions 
may be calculated using the following equation: 


Om = Dy X, G (10A2.1-1) 
wl 
Where: 
om = mixture surface tension, in dynes per centimeter. 
go, = surface tension at the desired temperature for component i, in dynes per centimeter. 
x, = mole fraction of component i in liquid. 
Subscripts i and m refer to pure component i and the n-component mixture, respectively. 


Procedure 


Step 1: Obtain the surface tensions of the pure components using Figure 10A1.1 or 10A1.2 
or Procedure 10A1.4. 
Step 2: Calculate the surface tension of the mixture using equation (10A2.1-1). 
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COMMENTS ON PROCEDURE 10A2.1 


Purpose 


An equation is presented for calculating the surface tension of hydrocarbon mixtures of 
known composition at or below atmospheric pressure. 


Limitations 


The method is not accurate above atmospheric pressure. The equation is not applicable 
when one of the pure components is a gas at the operating temperature and pressure (use 
Procedure 10A2.2). The method is not accurate for systems involving nonhydrocarbons, 
particularly when the difference in surface tensions of the pure substances exceeds 10 dynes 
per centimeter. 


Reliability 


Surface tensions calculated by this method are accurate to within an average deviation of 
2-7 percent. The amount of error varies depending upon the relative differences between the 
hydrocarbons in the mixture. Mixtures composed of hydrocarbons of greatly differing nature 
will produce larger errors than the average. Alkane-alkane and aromatic-aromatic mixtures 
average errors of less than 2 percent, while aromatic-alkane mixtures average errors of 7 
percent or more. Mixtures of naphthalenes and either aromatics or alkanes produce average 
errors of 3 percent. 


Literature Source 
The method was developed by Morgan and Griggs J. Am. Chem. Soc. 39 2261 (1917). 


Example 


Calculate the surface tension of a mixture containing 37.9 mole percent benzene in cy- 
clohexane at 77 F and 1 atmosphere. 

From Figure 10A1.2, at 77 F the surface tension of benzene is 28.2 dynes per centimeter 
and that of cyclohexane is 24.3 dynes per centimeter. 

Using equation (10A2. 1-1), 


Gn, = (0.379) (28.2) + (0.621) (24.3) = 25.8 dynes per centimeter 


The experimental value (17b) is 25.4 dynes per centimeter. 
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PROCEDURE 10A2.2 


SURFACE TENSION OF DEFINED HYDROCARBON MIXTURES AT HIGH 
PRESSURES 


Discussion 


For mixtures of known composition at high pressures, surface tensions may be calculated 
using the following equation: 


us 4 
Om = {> P, (Be x, -fy ) | } (10A2.2-1) 
Where: 
o, = surface tension of the mixture, in dynes per centimeter. 
n= number of components in the mixture. 
P, = parachor for component /. 
px = density of the liquid mixture, in grams per milliliter. 
pv = density of the vapor mixture, in grams per milliliter. 
M, = molecular weight of the liquid mixture. 
My = molecular weight of the vapor mixture. 
x, = mole fraction of component i in liquid. 
y, = mole fraction of component / in vapor. 


This method is especially useful for computer applications where a large number of surface 
tension values are needed, and where the required parameters for equation (10A2.2-1) must 
also be calculated. When equation (10A2.2-1) is applied to data near or below atmospheric 
pressure, the vapor term, (pv/Mv) y, may be neglected with little loss in accuracy. 


Procedure 


Step 1: If required, calculate vapor and liquid compositions from Chapter 8. 

Step 2: Estimate the saturated liquid density of the mixture (and vapor density, if required) 
from Chapter 6. 

Step 3: Calculate the parachor for each term using Procedure 10A1.4. 

Step 4: Calculate the average molecular weight of the saturated liquid and vapor phases. 

Step 5: Calculate the surface tension of the mixture using equation (10A2.2-1). 
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COMMENTS ON PROCEDURE 10A2.2 


Purpose 


An equation is presented for calculating the surface tension of hydrocarbon mixtures of known 
composition at variable temperatures and pressures. 


Limitations 


For hydrocarbon mixtures that contain methane, this procedure is applicable only when the vapor 
and liquid densities for use in equation (10A2.2-1) either are experimentally determined or can be 
estimated by very accurate methods. A small error in either term will often produce deviations of 
several hundred percent in the calculated surface tension. Procedures of Chapter 6 may be used for 
vapor density prediction with reasonable accuracy. Methane liquid densities predicted by methods of 
Chapter 6, however, are usually high by as much as 50 percent. Private communications have noted 
that a more accurate answer for methane systems will result if, prior to use of the method, a constant- 
temperature flash calculation at fixed liquid mole fraction methane is carried out with an appropriate 
equation of state to estimate the methane vapor mole fraction, liquid density, and vapor density. 

The procedure should not be used for mixtures containing biphenyl (or similar compounds). 


Reliability 


An average error of 3 percent is incurred by use of this method for mixtures not containing 
methane. For methane-containing mixtures for which accurate compositions and densities are avail- 
able, an average error of 8 percent applies. Small errors in parameters may decrease the reliability of 
the method. 


Literature Source 
The method was developed by Weinaug and Katz, Ind. Eng. Chem. 35 239 (1943). 


Example 


Calculate the surface tension of a methane-propane mixture at 50 F and 1109 pounds per square 
inch absolute. The mole fraction of methane is known to be 0.418 in the liquid and 0.788 in the vapor, 
and the densities of the saturated phases are 0.393 grams per milliliter for the liquid and 0.112 grams 
per milliliter for the vapor. 

Using Procedure 10A1.4, the methane parachor is 72.6 and that for propane is 150.8. The average 
molecular weights are next calculated using pure-component values from Chapter 1: 


M_,= (0.418) (16.04) + (0.582) (44.10) = 32.37 
My = (0.788) (16.04) + (0.212) (44.10) = 21.99 
Using equation (10A2.2-1), 


0.393 0.112 7 
Ss, = 726  ( oa }coans) = ( SiG cos) 


4 
r/ 0.393 0.112 
+ 150.8 ( —— } 0.382) - ( S155 }oa12)| 


32.37 


= 0.922 dynes per centimeter 


The experimental value (43b) is 0.98 dynes per centimeter. 
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10A3.1 


PROCEDURE 10A3.1 
SURFACE TENSION OF PETROLEUM FRACTIONS 


Discussion 


For petroleum fractions at temperatures above the normal boiling point, surface tensions 
can be estimated by the following procedure. 


Procedure 


Step 1: If the critical temperature of the fraction is not known, obtain a pseudocritical 
temperature from Chapter 4. 

Step 2: Calculate the reduced temperature. 

Step 3: Calculate the Watson characterization factor from its definition in Chapter 2. 

Step 4: Calculate the surface tension using Figure 10A1.5. 


10-21 


Information Handling Services, 


2000 


10A3.1 


10-22 


API TDB CHAPTER*10 ** MM 0732290 0537247? 4Tl 


COMMENTS ON PROCEDURE 10A3.1 


Purpose 


This procedure is presented as a desk method for predicting the surface tension of petroleum 
fractions and crude oils at temperatures (and corresponding vapor pressures) above the normal 
boiling point. 


Limitations 


This procedure is not applicable to coal liquids. 


Reliability 
The surface tension values predicted by this method are, on the average, 10 percent greater than 
the experimental values. 


Literature Source 


The nomograph was developed by Hadden and presented in Hydrocarbon Processing 45 [10], 161 
(1966). 


Example 


Calculate the surface tension of Crude Oil #19 (32c). The API gravity is known to be 41.6 and the 
kinematic viscosity at 100 F is 2.22 centistokes. 

Using Figure 11A4.1, the Watson K is calculated to be 11.96, 

Using the API gravity and this Watson K factor, Figure 2B6.1 predicts the mean average boiling 
point to be 482 F, From this boiling point the methods of Chapter 4 yield an estimated pseudocritical 
temperature of 1278 R. J, = 560/1278 = 0.44. 

Figure 10A1.5 estimates the surface tension of this crude oil to be 27.6 dynes per centimeter. An 
experimental value (32c) is 28.5 dynes per centimeter. 
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PROCEDURE 10A3.2 


ALTERNATE COMPUTER METHOD FOR SURFACE TENSION OF PETROLEUM 
FRACTIONS 


Discussion 


This method is useful for predicting the surface tension of crude oils and petroleum 
fractions of unknown composition. Although Procedure 10A3.1 predicts a slightly more 
accurate value, the following equation readily adapts to computer applications. 


o = 673.7 [(Te— TT}! 22K (10A3.2-1) 


Where: 
o = surface tension of the liquid, in dynes per centimeter. 
T. = critical or pseudocritical temperature, in degrees Rankine. 
T = temperature of system, in degrees Rankine. 
K = Watson characterization factor. 


Procedure 


Step 1: Calculate the Watson characterization factor by methods of Chapter 2. If the boiling 
point of the liquid is not known, predict the mean average boiling point by methods of 
Chapter 2. 

Step 2: If the critical temperature is not knewn, obtain a pseudocritical temperature from 
Chapter 4. 

Step 3: Calculate the surface tension of the system using equation (10A3.2-1). 
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COMMENTS ON PROCEDURE 10A3.2 


Purpose 

An equation is presented as an alternate computer method to predict the surface tension of petro- 
leum fractions. 
Limitations 

This method should not be applied to coal liquids. Since equation (10A3.2-1) contains no terms to 
correct for pressure changes, it will give higher errors at pressures above about 500 pounds per square 
inch absolute. 
Reliability 


Values calculated by this method showed an average error of 10.7 percent. 


Literature Source 


The equation was presented in an unpublished report (Technical Report No. 52-53R of the Shell 
Development Company) by Sanborn and Evans, 1953. 


Example 


Calculate the surface tension of Crude Oil #2180 (19c) at 60 F, given: API gravity = 43.3, and 
molecular weight = 252. 

From Chapter 2, the mean average boiling point is 560 F, and Watson K is 12.4. The pseudocritical 
temperature is estimated to be 1334 R from Chapter 4. 

From equation 10A3.2-1: 


© = 673.7 [{ 1334 — (60 + 459.6)}/1334]!-32/12.4 
= 29.6 dynes per centimeter 


An experimental value (19c) is 28.7 dynes per centimeter. 
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COMMENTS ON FIGURE 10A4.1 


Purpose 
Surface tension-temperature data are presented for pure nonhydrocarbons. 


Limitations 


The acceptable temperature range for each nonhydrocarbon is given in Table 10A4.2, 
along with the necessary grid coordinates. Table 10A4.3 lists sources of data for estimating 
grid coordinates for other compounds. 


Reliability 
Values taken from this nomograph show an average error of 1.7 percent. 


Literature Sources 
The nomograph was prepared using data from the references noted in Table 10A4.2. 


Example 

Find the surface tension of propionic acid at 187 F. 

Table 10A4.2 shows that this temperature is within the acceptable range. The X-Y coordi- 
nates are 2.40 and 0.68, respectively. 

A straight line through 187 F and the pivot point intersects the surface tension scale at 20.1 
dynes per centimeter. 

The experimental value (128a) is 20.16 dynes per centimeter. 
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10A4.2 
TABLE 10A4.2 
GRID COORDINATES, TEMPERATURE RANGES, AND DATA SOURCES FOR FIGURE 10A4.1 
Temperature 
Compound x Y Range (F) Data Source 
Sulfuric acid 0.38 6.80 50-122 101a 
Hydrochloric acid 4.75 7.21 32- 86 80a 
Methanoic acid (formic) 2.81 2.43 32-212 5la, 64a, 83a, 95a 
Ethanoic acid (acetic) 2.40 0.84 50-194 46a, 5la, 64a, 83a, 128a 
Propanoic acid 2.40 0.68 50-194 Sia, 64a, 77a, 83a, 128a 
Acetic anhydride 2.87 1.51 14-284 Sla, 64a, 68a 
Methanol 2.15 0.05 32-212 Sla, 77a, 83a, 128a 
Ethanol 1.82 0.10 32-138 S5la, 64a, 83a, 128a 
1-Propanol 1.95 0.29 23-140 51a, 64a, 83a, 128a 
1-Butanol 1.95 0.39 32-212 46a, 51a, 64a, 83a 
2-Butanol 2.05 0.22 59- 86 46a 
2-Methylpropanol 1.85 0.14 32-212 46a, 5la, 64a, 83a, 128a 
Hydroxybenzene (phenol) 2.74 3.01 68-302 9a, Sla 
o-Cresol 2.63 2.74 50-356 51a, 70a 
m-Cresol 2.35 2.52 50-356 S5la, 70a, 121a 
p-Cresol 2.27 2.48 68-356 Sia, 70a 
2-Furancarbonal (furfural) 3.27 3.19 68-320 64a, 69a 
1,2-Ethanediol 2.20 4.65 68-302 31a, S5la 
2,2'-Oxydiethanol 2.20 4.10 68-284 31a, S5la 
2-Triethyleneglycol 2.20 4.14 68-284 31a, 5la 
2-Propanone (acetone) 0.0 0.18 32-140 46a, 47a, 51a, 64a, 77a, 
83a 
2-Butanone 2.67 0.26 32-167 Sla, 82a 
3-Pentanone 3.00 0.30 32-122 5la, 82a 
B,8'-Dichlorodiethyl ether 3.00 2.30 59-188 126a 
1,2-Dibromoethane 3.26 2.41 50-212 Sia, 64a, 127a 
1,2-Dichloroethane 3.29 1.29 50-185 46a, 51a, 64a, 127a 
Nitrobenzene 3.15 3.31 32-356 51a, 77a, 129a 
1-Octanol 1.85 1.0 10-158 Sla, 83a 
2-Octanol 1.85 0.75 10-158 Sla 
Carbon disulfide 3.90 1.10 68-122 42a, 54a, 77a 
Biphenyl 2.20 3.00 176-392 5la 
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10A4.3 
TABLE 10A4.3 
REFERENCES FOR ADDITIONAL SURFACE TENSION DATA FOR PURE LIQUID 
NONHYDROCARBONS 
Temperature 
Compound Range (F) Data Source 
Diethylether 32— 86 43a, 77a 
Carbon disulfide 14-248 42a, 54a, 77a 
Methanethiol 14-140 S5la, 54a 
Carbon tetrachloride 68— 82 42a, 43a, 77a, 83a, 105a 
Acetaldehyde 50-212 Sla 
Benzaldehyde 50-212 S5la 
2-Propanol 50-176 51a, 83a 
1-Pentanol $0-212 5la, 83a 
3-Methyibutanol 50-212 Sia 
2-Pentanol 50-212 Sla 
2-Methyl-2-butanol 50-194 5la 
Allyl alcohol 50-194 5la 
2-Methoxyethanol 50-212 5la 
2-Ethoxyethanol 68-212 Sla 
2-Butoxyethanol $0-212 Sla 
1-Octanol 50-158 Sia, 83a 
2-Octanol 50-212 Sla 
1-Nonanol 50-212 Sla, 83a 
1-Decanol 50-212 Sla, 83a 
Ethanethiol 59- 86 Sla 
Chloromethane 50- 86 Sla 
Bromoethane 50-104 Sla, 77a, 83a 
1-Chloropropane 50-104 Sila, 83a 
1-Bromopropane 50-122 5la, 83a 
1-Chlorobutane 50-158 51a, 83a 
1-Bromobutane 50-212 51a, 83a 
1-Chloropentane 50-212 S5la, 83a 
1-Bromopentane 50-212 Sla, 83a 
Pyridine 68-185 Sia 
Methylsulfide 50- 68 Sla 
Ethylsulfide 50-140 Sia 
Propylsulfide 59-194 Sla 
Butylsulfide 59-194 Sia 
1-Pentylsulfide 59-248 Sla 
Methylsulfite 59-194 Sla 
Ethylsulfite 68-194 Sla 
Propylsulfite 59-248 5la 
Butylsulfite 59-194 Sla 
1-Pentylsulfite 59-248 Sla 
Bromine 41-122 5la 
Carbon dioxide 14- 86 5la, 77a 
Fluorobenzene 50-176 Sila 
Chlorobenzene 50-266 Sla, 77a 
Bromobenzene 50-302 5la, 77a 
Todobenzene 50-320 5la 
1-Fluoronaphthalene 68-185 Sla 
1-Chloronaphthalene 68-185 Sla 
1-Bromonaphthalene 68-185 Sla 
1-Iodonaphthalene 68-185 Sia 
Nitromethane 50-158 Sla 
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TABLE 10A4.3 (continued) 


REFERENCES FOR ADDITIONAL SURFACE TENSION DATA FOR PURE LIQUID 


Compound 


Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Nitrobutane 


1-Nitropentane 
1-Nitrohexane 
Biphenyl 
Dichloromethane 
1,1-Dichloroethane 


1,2-Dichloroethane 
1,3-Dichloropropane 
1,4-Dichlorobutane 
1,5-Dichloropentane 
Dibromomethane 


1,1-Dibromoethane 
1,2-Dibromoethane 
1,2-Dibromopropane 
1,3-Dibromopropane 
1,3-Dibromobutane 


1,5-Dibromopentane 
o-Chlorophenol 
m-Chlorophenol 
p-Chlorophenol 
m-Bromophenol 


p-Bromophenol 
Water 

Heavy water 
Heavy water 
Hydrogen peroxide 


NONHYDROCARBONS 


Temperature 
Range (F) 


50-158 
50-158 
50-158 
50-158 
50-158 


50-158 
50-158 
176-392 
68-104 
68-104 


68-185 
68-185 
68-185 
68-185 
68-185 


68~185 
68-185 
68-185 
68-185 
68-185 


68-185 
77-338 
104-356 
104-356 
104-356 


104-356 
41-167 
41-167 

212-419 
36-— 68 
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Data Source 


Sla 
Sla 
Sla 
5la 
Sia 


Sla 
Sla 
Sla 
Sla 
5la 


Sla 
Sla 
5la 
Sila 


Sla, 83a 


S5la 
Sla 
Sla 
Sla 
Sla 


Sla 
Sla 
5la 
Sla 
Sla 


Sla 


Sla, 77a, 106a 


Sla 
Sila 
Sla 
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10B1.1 


PROCEDURE 10B1.1 
INTERFACIAL TENSION BETWEEN HYDROCARBONS AND WATER 


Discussion 


The following method reliably estimates the interfacial tension between a hydrocarbon and 
water. If dispersion constants are not available or calculable, use Procedure 10B1.3. 


Cuw = 0H + Cw — 2(ow" on)” (10B1.1-1) 


Where: 
yw = interfacial tension between the liquid phases, in dynes per centimeter. 
g, = surface tension of pure liquid component i at temperature and pressure of system, 
in dynes per centimeter; H = hydrocarbon, W = water. 
ow’ = the dispersion constant in water in dynes per centimeter (from Table 10B1.2). 


Procedure 


Step 1: Obtain experimental values for the surface tension of the hydrocarbon phase or 
calculate it by methods of Section 10A1. 

Step 2: Obtain a value for the surface tension of water from Table 10B1.4. 

Step 3: Obtain a value of ow* from Table 10B1.2. If none is recorded for the hydrocarbon, 
ow’ may be calculated from equation (10B1.1-1) if a value of the interfacial tension is known 
at or near ambient temperature and pressure. 

Step 4; Calculate the interfacial tension using equation (10B1.1-1) at the temperature and 
pressure of the system. 
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COMMENTS ON PROCEDURE 10B1.1 


Purpose 


This procedure is presented as a general method to calculate values of interfacial tension 
between water and hydrocarbon phases. 


Limitations 


This method should be used only when the dispersion constant is known or can be calcu- 
lated from ambient temperature and pressure data. 

Although equation (10B1.1-1) is accurate at reduced pressures as great as 40, it should not 
be used in the range 0.65 < P,<1.35. 


Reliability 


When this procedure was applied to systems at ambient or low pressures, an average error 
of 2.6 percent resulted. With high-pressure systems the average error was 5.9 percent. 


Literature Source 
This method was developed by Fowkes in J. Phys. Chem. 67, 2538 (1963). 


Example 1: Ambient Pressure Case 


Calculate the interfacial tension between ethylbenzene and water at 176 F (80 C) and 
atmospheric pressure. The surface tension of ethylbenzene is given by the source (I25) as 
22.30 dynes per centimeter. From Table 10B1.4, the surface tension of pure water is 64.01 
dynes per centimeter, and from Table 10B1.2, aw‘ is 34.73 dynes per centimeter. 

Using equation (10B1.1-1), 

1 
Ouw = 22.30 + 64.01 — 2(34.73 x 22.30)” = 30.65 dynes per centimeter 


The experimental value (130) is 30.70 dynes per centimeter. 


Example 2: High Pressure Case 


Calculate the interfacial tension between n-decane and water at 212 F (100C) and 5145 
pounds per square inch absolute. 

Using Procedure 10A1.4, the surface tension of n-decane at these conditions is 31.10 dynes 
per centimeter. Assuming the pressure has little effect on the surface tension of water, that 
value is given as 61.06 dynes per centimeter in Table 10B1.4. From Table 10B1.2, ow‘is 21.00 
dynes per centimeter. 

Using equation (10B1.1-1), 

L 
Ouw = 31.10 + 61.06 — 2(21.00 x 31.10)” = 41.05 dynes per centimeter 


The experimental value (133) is 42.20 dynes per centimeter. 
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TABLE 10B1.2 


10B1.2 


DISPERSION CONSTANTS FOR PROCEDURE 1081.1 


Hydrocarbon Phase 


n-Hexane 

n-Heptane 

n-Octane 
2-Methylheptane 
2,2,4-Trimethylpentane 


n-Nonane 
n-Decane 
n-Undecane 
n-Dodecane 
n-Tetradecane 


n-Hexadecane 
Cyclohexane 
1-Tridecene 
1-Tetradecene 
1-Pentadecene 


1-Hexadecene 
Benzene 
Methylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 


Ethylbenzene 
n-Propylbenzene 
n-Butylbenzene 

cis -Decahydronaphthalene 
trans -Decahydronaphthalene 


d 
ow 


(dynes per 
centimeter) 


21.80 
22.10° 
21.50° 
22.83 
22.96 


20.89 

21.00° 
20.50° 
20.20* 
20.00* 


19.70° 
22.70° 
22.93 
24.41 
24.53 


24.70 
38.59 
37.38 
37.15 
35.30 


34.73 
33.44 
37.60 
21.80* 
22.68 


Source 


NOTE: These dispersion constants were found in the literature or calculated from experi- 
mental data. They represent the dispersion forces in the water phase, which vary depending 


upon the hydrocarbon phase. 


*Calculated from data in given source. 
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PROCEDURE 1061.3 


ALTERNATE METHOD FOR INTERFACIAL TENSION BETWEEN HYDROCARBONS 
AND WATER 


Discussion 


The interfacial tension between a hydrocarbon and water may be estimated by the follow- 
ing equation in cases where dispersion constants are not available or calculable and Pro- 
cedure 10B1.1 is hence not applicable. 


Caw = Oa + ow— 1.10 (on ow)” (10B1.3-1) 


Where: 
Cuw = interfacial tension between the hydrocarbon and water phases, in dynes per 
centimeter. 
o, = surface tension of pure component i at system conditions, in dynes per centimeter, 
H = hydrocarbon, W = water. 


Procedure 


Step 1: Obtain the pure component surface tension of each liquid phase. The surface 
tension of water may be interpolated from Table 10B1.4. For the hydrocarbon phase, litera- 
ture values should be available (2a), or Procedure 10A1.4 or Figure 10A1.5 will accurately 
estimate the surface tension. 

Step 2: Calculate the interfacial tension using equation (10B1.3-1). 
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COMMENTS ON PROCEDURE 1061.3 


Purpose 


This procedure is presented for the estimation of the interfacial tension between hydro- 
carbon and water liquid phases. 


Limitations 


This method is primarily applicable to saturated hydrocarbons which contain five or more 
carbon atoms. The accuracy of this procedure decreases rapidly when the reduced tempera- 
ture of the hydrocarbon phase exceeds 0.53, although it is accurate with hydrocarbon reduced 
pressure values as high as 40. 


Reliability 


For saturated hydrocarbons the interfacial tension values calculated by this method will be 
accurate to within an average error of 2.0 percent when used with systems at ambient 
pressures. When it is applied to high pressure systems, an average error of 7 percent can be 
expected. For all hydrocarbons the average errors increase to 12 percent at ambient condi- 
tions and to 200 percent at high pressures. 


Literature Source 
This method was developed by Good and Elbing, Ind. Eng. Chem. 62 3, 54 (1970). 


Example 1: Ambient Pressure Case 


Find the interfacial tension between ethylbenzene and water at 176 F (80 C). The surface 
tension of ethylbenzene is given by the source (125) as 22.30 dynes per centimeter. From 
Table 10B1.4, the surface tension of pure water is 64.01 dynes per centimeter. 


Onw = 22.30 + 64.01 — (1.10) (22.30 x 64.01)” = 44.75 dynes per centimeter 


The experimental value (130) is 30.70 dynes per centimeter. 


Example 2: High Pressure Case 


Determine the interfacial tension between n-decane and water at 212 F (100 C) and 5145 
pounds per square inch absolute. 

Using Procedure 10A1.4, the surface tension of n-decane at these conditions is calculated 
to be 31.1 dynes per centimeter. The surface tension of the water phase is assumed to be that 
of pure water at this temperature and ambient pressure. From Table 10B1.4, the surface 
tension of water is 61.06 dynes per centimeter. 

Using equation (10B1.3-1), 


Onw = 31.10 + 61.06 — (1.10) (31.10 x 61.06)” = 44.23 dynes per centimeter 


The experimental value (133) is 42.20 dynes per centimeter. 

Note that both examples are identical to those given in Procedure 10B1.1, in which both 
predictions were close to the experimental value. For Procedure 10B1.3, Example 1 shows 
a high error, as ethylbenzene is not a saturated hydrocarbon, while Example 2 shows very 
good predictive accuracy. 
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10B1.4 
TABLE 10B1.4 
SURFACE TENSION OF PURE WATER FOR PROCEDURES 10B1.1 AND 10B1.3 
‘Temperature Surface Tension 
F Cc (dynes per centimeter) 
50. 10 74.36 
59 15 73,62 
68 20 72.88 
77 25 72.14 
86 =. 30 71.40 
95 35 70.66 
104 40 69.92 
113. 45 69.18 
122. 50 68.45 
140-60 66.97 
158 = =70 65.49 
176 = 80 64.01 
194 90 62.54 
212 100 61.06 
NOTE: These data are taken from Jasper (51a). 
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PREFACE 


This revised chapter is based on a much expanded experimental data base used both to evaluate 
prediction methods and verify correlating equations. Many enhancements have been added to the chapter. 
Correlating equations have been included to estimate both liquid and vapor viscosities of 300 compounds. 
Improved prediction and correlation methods are provided for liquid petroleum fractions and petroleum blends. 
An improved prediction method also is included for pure component vapor viscosity. Detailed results of the 
evaluations that serve as a basis for the selection of material in this chapter are available in Documentation Report 
11-96 available from Global Engineering Documents. 

The work on this chapter was primarily conducted by Dennis J. Fitzgerald and the project director, 
Thomas E. Daubert, aided by Chad Chrostowski and other staff. The chapter coordinators for the Technical Data 
committee are Sheldon J. Kramer of Bechtel National, Inc. and C. C. Williams, III of Shell Oil Products Co. 


Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

August 1996 
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CHAPTER 11 
VISCOSITY 
11-0 INTRODUCTION 


Viscosity is a measure of the ability of a fluid to resist shear. When the shear stress on any differential 
volume element of flowing fluid is proportional to the velocity gradient in the direction perpendicular to the 
direction of flow, the fluid is called a Newtonian fluid. 

The methods presented in this chapter are for Newtonian fluids and should not be expected to maintain 
their accuracy for non-Newtonian fluids. Almost all gases and most hydrocarbon liquids are Newtonian 
fluids. Very heavy asphalts with low UOP K's exhibit non-Newtonian behavior. Some other common non- 
Newtonian fluids are polymers, pastes, slurries, waxy oils, and some silicate esters. 

Viscosity is a function of temperature, pressure, and molecular species. For non-Newtonian fluids, the 
viscosity is also a function of the local velocity gradient. 

The absolute viscosity is defined as the shear stress at a point divided by the velocity gradient at that 
point. The unit of absolute viscosity is the poise, which is equal to 1 gram per (centimeter)(second). 

The kinematic viscosity is defined as the ratio of the absolute viscosity to the density, both at the same 
temperature and pressure. The unit of kinematic viscosity corresponding to the poise is the stoke, which is 
equal to 1 square centimeter per second. The conversion from absolute to kinematic viscosity is given by the 
following equation: 


vie (11-0.1) 
p 
Where: 
v= kinematic viscosity, in stokes 
ph = absolute viscosity, in poises 
ep = density, in vacuo, in grams per cubic centimeter 


The units centipoise (0.01 poise) and centistoke (0.01 stoke) are used most frequently. 

Saybolt Universal viscosity is the efflux time in seconds for a 60-milliliter sample to flow through a 
standard orifice in the bottom of a tube. Saybolt Furol viscosity is determined in the same manner as Saybolt 
Universal viscosity except that a larger orifice is used. The orifice and tube geometry are specified in 
standards of the American Society for Testing and Materials. 


Viscosity of Liquid Systems 


Conversions between the more common engineering units of viscosity are given in Chapter 1. 
Conversions of kinematic viscosity data to Saybolt Universal seconds and to Saybolt Furol seconds are given 
in Procedures 11A1.1 and 11A1.2, respectively. The relationships between other viscosity scales and 
kinematic viscosity are shown in Procedure 11A1.6. 

The viscosity-temperature behavior for approximately 300 pure liquid hydrocarbons can be determined 
from the correlating equation given in Procedure 11A2.1. Using viscosity data at the two temperatures, the 
viscosity-temperature behavior can be estimated using Procedure 11A4.4. Viscosity data at 100 F and 210 F 
are given in Chapter | for a number of hydrocarbons and the more common nonhydrocarbons. The 
viscosities of compounds for which no experimental data exist can be estimated by a group contribution 
method given in Procedure 11A2.3. Liquid viscosities of defined mixtures can be predicted with Procedure 
11A3.1, 

Several methods are presented to determine the viscosity-temperature relationship for petroleum 
fractions. Procedure 11A4.] can be used to calculate viscosity if a measured viscosity at 100 F is known. 
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Procedure 11A4.2 can be used to predict liquid viscosity if no experimental measurements are available. 
Procedure 11A4.2 predicts the viscosity at two temperatures, 100 F and 210 F. The viscosity at any other 
temperature can then be determined by using Procedure 11A4.4. Procedure 11A4.5 is used to mathematically 
estimate the viscosity of liquid blends of petroleum fractions. Procedure 11A4.6 is used to determine the 
viscosity of multicomponent blends of pure hydrocarbons with petroleum fractions or multicomponent blends 
of petroleum fractions. 

There is no general method for predicting the effect of pressure on the liquid viscosity of all types of 
hydrocarbons. For low-molecular-weight hydrocarbons, Procedure 11A5.1 may be used to predict viscosity 
at elevated pressures provided the critical pressure, critical temperature, and acentric factor are known, and 
provided either a value of the viscosity at the critical point or a liquid viscosity value at another temperature 
and pressure is known. Procedure 11A5.5 is given to estimate the effect of pressure on the viscosity of high- 
molecular-weight pure and mixed hydrocarbons. Procedure 11A5.5 should be used for the effect of pressure 
on the viscosity of petroleum fractions. 

The viscosity index of an oil is an empirical number indicating the effect of a change in temperature on 
viscosity. It can be calculated using Procedure 11A6.1. The liquid viscosity of pure and mixed hydrocarbons 
containing dissolved gases is given by Procedure 11A7.1. 


Viscosity of Gaseous Systems 


In contrast with the viscosities of liquids, viscosities of gases increase with increasing temperature and 
with increasing pressure. 

The viscosities predicted by the methods of this chapter should not be used at pressures below 
approximately 0.2 pound per square inch absolute. 

The viscosity-temperature behavior for approximately 300 pure gaseous hydrocarbons can be determined 
from the correlating equation given in Procedure 11B1.1. The viscosities of other pure gases at reduced 
pressures below 0.6 are estimated by Procedure 11B1.3. 

The viscosities of mixtures of known composition at reduced pressures below 0.6 are estimated by 
Procedure 11B2.1 in conjunction with Procedure 11B1.1 or Procedure 11B1.3. A more rapid but less precise 
approximation is given by Procedure 11B3.1. Procedure 11B3.1 is not recommended except as a rough 
approximation for gaseous hydrocarbon mixtures of undefined composition. 

For reduced pressures above 0.6, the effect of pressure on viscosity can be estimated using Procedure 
11B4.1. 


Viscosity of Nonhydrocarbons 

The viscosity of liquid and gaseous hydrogen is plotted in Figure 11C1.1. Procedure 11C1.2 correlates 
the effect of pressure on the viscosity of nonhydrocarbon gases. Procedures 11B2.1 and 11B4.] are also 
applicable for calculating the viscosities of gaseous mixtures containing nonhydrocarbons at low and high 
pressure, respectively. 


Summary of Viscosity Calculation Methods 


Figure 11-0.1 gives a schematic diagram showing which procedure(s) should be used for calculating 
hydrocarbon viscosities for any particular case. 


Computerized Subroutines Available in Chapter 16 


Chapter 16 of the API Technical Data Book contains subprograms for all the predictive methods in 
Chapter 11. The subprograms are written in standard Fortran code and can be incorporated into computer 
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packages prepared by the user. Subprograms are available either on tape or on diskette and are purchased 
separately from the Technical Data Book. 
A list of the subprograms that accompany the chapter 11 procedures is shown in the table below. 
Computer Subprograms for Chapter 11 Procedures 


VIS1 MAL 1 
VIS2 11A1.4 Conversion of Kinematic Viscosity to Saybolt Furol 
Viscosity 


VIS20 11A2.1 Correlation for the Liquid Viscosity of Pure Compounds at 
Low Pressure 

VIS4 11A2.3 Group Contribution Prediction Method for the Viscosity of 
Pure Compounds at Low Pressure 


Viscosity of Defined Liquid Mixtures at Low Pressure 
Liquid Viscosity of Multicomponent Blends of Defined and 
Undefined Compounds 


Viscosity of Low Molecular Weight Hydrocarbons at 
Elevated Pressures 
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Alternate Computer Method for Viscosity of Liquid and Vapor Hydrocarbon Systems 


Ely and Hanley (33) proposed an extended corresponding states method applicable to all hydrocarbon 
fluid phases as pure compounds or defined mixtures. This method is available as a generalized computer 
method called SUPERTRAPP, distributed by the National Institute of Standards and Technology. (A copy of 
the program can be obtained from the U.S. Department of Commerce, National Institute of Standards and 
Technology, Standard Reference Data Program, Gaithersburg, MD 20899.) Input parameters for the method 
include the critical temperature, critical pressure, critical volume, acentric factor, molecular weight, vapor 
pressure data, and saturated liquid density data of each component of interest. Large errors near the bubble 
point of the fluid may be obtained because the method will sometimes converge to a solution in the wrong 
phase. However, the method can be modified to predict viscosity in a specified phase. The average errors for 
the SUPERTRAPP program were comparable to the Technical Data Book procedure for any of the categories 
evaluated. The main advantage of the program is the ability to handle phase changes or large pressure 
variations with one method. Our analysis of the program is shown in the table below. 


Evaluation of SUPERTRAPP 


Pure Component Liquids 
Defined Liquid Mixtures 


Liquids at High Pressure 
Pure Component Gases 


Defined Gas Mixtures 


Because this is proprietary software, the equations and computer algorithms are not included in the API 
Technical Data Book. However, it is a viable alternate computer method for viscosity calculations. The 
method is quite complex for desktop calculations. 

A method similar to SUPERTRAPP is being developed for undefined mixtures, either in the vapor or 
liquid phase. The method is not available for distribution at this time, but may be in the near future. Contact 
the National Institute of Standards and Technology for additional information. 
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11A1.1 


PROCEDURE 11A1.1 
CONVERSION OF KINEMATIC VISCOSITY TO SAYBOLT UNIVERSAL VISCOSITY 


Discussion 


The following equations are to be used to convert kinematic viscosity data in centistokes at any 
temperature to Saybolt Universal viscosity in Saybolt Universal seconds (SUS) at the same temperature. 

For kinematic viscosities less than 75 centistokes at 100 F, Table 11A1.2 applies. 

For kinematic viscosities less than 75 centistokes at temperature t, Table 11A1.2 gives an equivalent 
Saybolt Universal viscosity, which must be corrected by factor A obtained from Table 11A1.3. Equation 
(11A1.1-2) applies. 


SUS, = (SUS,,)(A) (11A1.1-1) 
Where: 
SUS, = Saybolt University viscosity at t, in seconds. 
SUS,, = equivalent Saybolt Universal viscosity at t, in seconds (from Table 11A1.2). At 100 F the 
equivalent Saybolt Universal viscosity is equal to the actual Saybolt Universal viscosity. 
t = temperature, in degrees Fahrenheit. 
A = multiplier used in Equation (11A1.1-1) when the kinematic viscosity at t is less than 
75 centistokes (from Table 11A1.3). 
For kinematic viscosities greater than 75 centistokes, Equation (11A1.1-2) applies. 
SUS, = v,B (11A1.1-2) 
Where: 


v, = kinematic viscosity at t, in centistokes. 
B = multiplier used in Equation (11A1.1-2) when the kinematic viscosity at t is greater than 75 
centistokes (from Table 11A1.3). 
For computer use, the Saybolt Universal viscosities at 100 F may be calculated by Equation 
(11A1.1-3), and those at a temperature t by Equation (11A1.1-4). These equations are valid both above and 
below 75 centistokes. 


1.0+0.03264y, 


SUS, = 4.6324v, + 
[3930.2+262.7,+23.97v/+1.646v;}+107| 


(11A1.1-3) 


SUS ,=[1+0.000061 (r-100 )|SUS ,, (11A.1-4) 


Procedure 


Step 1: Find the equivalent Saybolt Universal viscosity from the kinematic viscosity in centistokes at 
t, from Table 11A1.2 or from Equation (11A1.1-3). If the equation is used, go to Step 3. 

Step 2: If the kinematic viscosity at t is less than 75.0 centistokes, use Equation (11A1.1-1) to 
convert to Saybolt Universal viscosity. Factor A is determined from Table 11A1.3. If the kinematic viscosity 
is greater than 75.0 centistokes, use Equation (11A1.1-2) to convert to Saybolt Universal viscosity. Factor B 
is obtained from Table 11A1.3. 

Step 3: Use Equation (11A1.1-4) to convert the equivalent Saybolt Universal viscosity to the actual 
Saybolt Universal viscosity at temperature, t. | 
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11A1.1 


COMMENTS ON PROCEDURE 11A1.1 


Purpose 


This procedure is given for converting kinematic viscosity in centistokes to Saybolt Universal 
viscosity in seconds. Tables 11A1.2 and 11A1.3 are part of this procedure. 


Reliability 


In the range of 70F to 300F, the average deviation between calculated and experimental Saybolt 
Universal viscosities is 0.17 percent, and the maximum deviation is 0.5 percent. 


Special Comment 
Expanded versions of the table are available as ASTM D 2161-82 (see Literature Source). 


Literature Source 


The procedure and tables were adapted from ASTM D 2161-82, Standard Method for Conversion 
of Kinematic Viscosity to Saybolt Universal Viscosity or to Saybolt Furol Viscosity (6). 


Examples 


A. Estimate the Saybolt Universal viscosity in seconds at 200F for an oil having a kinematic 
viscosity of 53.00 centistokes at 200F. 

From Table 11A1.2, SUS,, = 246 seconds. From Table 11A1.3, A = 1.006. 

From Equation (11A1.1-1), the Saybolt Universal viscosity at 200 F = (246)(1.006) = 247 seconds. 


B. Estimate the Saybolt Universal viscosity at OF for an oil having a kinematic viscosity of 90.00 
centistokes at OF. 

Because the kinematic viscosity 1s greater than 75 centistokes, Equation (11A1.1-2) must be used. 

From Table 11A1.3, B = 4.604. 

From Equation (11A1.1-2), Saybolt Universal viscosity at 0 F = (90.00)(4.604) = 414.4 seconds. 
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11A1.2 


TABLE 11A1.2 


CONVERSION OF KINEMATIC VISCOSITY TO AN UNCORRECTED SAYBOLT UNIVERSAL VISCOSITY 
(Part of Procedure 11A1.1)} 


Equivalent Equivalent Equivalent Equivalent 
Saybolt Saybolt Saybolt Sayboit 

Kinematic Universal Kinematic Universal Kinematic Universal Kinematic Universal 

Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity 

(centistokes) (seconds) (centistokes) (seconds) (centistokes) (seconds) (centistokes) (seconds) 
1.82 32.0 5.80 44.9 14.40 75.1 23.00 110.6 
1.84 32.1 6.00 45.6 14.60 75.8 23.20 111.5 
1.86 32.1 6.20 46.2 14.80 76.6 23.40 112.4 
1.88 32.2 6.40 46.9 15.00 77.4 23.60 113.2 
1.90 32.3 6.60 47.5 15.20 78.2 23.80 114.1 
1.92 32.3 6.80 48.1 15.40 79.0 24.00 113.0 
1.94 32.4 7.00 48.8 15.60 79.8 24.20 115.9 
1.96 32.5 7.20 49.4 15.80 80.6 24.40 116.7 
1.98 32.5 7.40 50.1 16.00 81.4 24.60 117.6 
2.00 32.6 7.60 50.7 16.20 82.2 24.80 118.5 
2.10 32.9 7.80 $1.4 16.40 83.0 25.00 119.4 
2.20 33.3 8.00 52.1 16.60 83.8 25.50 121.6 
2.30 33.6 8.20 §2.7 16.80 84.6 26.00 123.7 
2.40 34.0 8.40 53.4 17.00 85.4 26.50 126.0 
2.50 34.3 8.60 54.1 17.20 86.2 27.00 128.2 
2.60 34.6 8.80 54.7 17.40 87.0 27.50 130.4 
2.70 35.0 9.00 55.4 17.60 87.8 28.00 132.6 
2.80 35.3 9.20 56.1 17.80 88.7 28.50 134.8 
2.90 35.6 9.40 56.8 18.00 89.5 29.00 137.0 
3.00 36.0 9.60 57.5 18.20 90.3 29.50 139.3 
3.10 36.3 9.80 58.1 18.40 91.1 30.00 141.5 
3.20 36.6 10.00 58.8 18.60 92.0 30.50 . 143.8 
3.30 36.9 10.20 59.5 18.80 92.8 31.00 146.0 
3.40 37.3 10.40 60.2 19.00 93.6 31.50 148.2 
3.50 37.6 10.60 60.9 19.20 94.5 32.00 150.5 
3.60 37.9 10.80 61.7 19.40 95.3 32.50 152.7 
3.70 38.2 11.00 62.4 19.60 96.1 33.00 155.0 
3.80 38.6 11.20 63.1 19.80 97.0 33.50 157.2 
3.90 38.9 11.40 63.8 20.00 97.8 34.00 159.5 
4.00 39.2 11.60 64.5 20.20 98.7 34.50 161.8 
4.10 39.5 11.80 65.3 20.40 99.5 35.00 164.0 
4.20 39.8 12.00 66.0 20.60 100.4 35.50 166.3 
4.30 40.2 12.20 66.7 20.80 101.2 36.00 168.6 
4.40 40.5 12.40 67.5 21.00 102.1 36.50 170.8 
4.50 40.8 12.60 68.2 21.20 102.9 37.00 173.1 
4.60 41.1 12.80 69.0 21.40 103.8 37.50 175.4 
4.70 41.4 13.00 69.7 21.60 104.6 38.00 177.6 
4.80 41.8 13.20 70.5 21.80 105.5 38.50 179.9 
4.90 42.1 13.40 71.2 22.00 106.3 39.00 182.2 
5.00 42.4 13.60 72.0 22.20 107.2 39.50 184.5 
5.20 43.0 13.80 72.7 22.40 108.1 40.00 186.8 
5.40 43.7 14.00 73.5 22.60 108.9 40.50 189.0 

5.60 


44.3 14.20 74.3 22.80 109.8 41.00 191.3 


NOTE: The equivalent Saybolt Universal viscosity is equal to the Saybolt Universal viscosity at 100 F. At other temperatures, the 
equivalent Saybolt Universal viscosity must be corrected using equation (11A1.1-1). 
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NOTE: The equivalent Saybolt Universal viscosity is equal to the Saybolt Univ 
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Equivalent 
Saybolt 
Universal 
Viscosity 
(seconds) 


Kinematic 
Viscosity 
(centistokes) 


47.00 
47.50 
48.00 
48.50 
49.00 


49.50 
50.0 
51.0 
52.0 
53.0 


54.0 


TABLE 11A1.2 (Continued) 


11A1.2-11A1.3 


Equivalent Equivalent 
Saybolt Saybolt 
Universal Kinematic Universal Kinematic 
Viscosity Viscosity Viscosity Viscosity 
(seconds) (centistokes) (seconds) (centistokes) 
219 55.0 256 66.0 
221 56.0 260 67.0 
223 37.0 265 68.0 
226 58.0 269 69.0 
228 59.0 274 70.0 
230 60.0 279 71.0 
233 61.0 283 72.0 
237 62.0 288 . 73.0 
242 63.0 292 74.0 
246 64.0 297 75.0 
251 65.0 302 


equivalent Saybolt Universal viscosity must be corrected using equation (1 1A1.1-1). 


Temperature 


(F) 


“Factor A applies when the kinematic viscosity 


CONVERSION FACTORS FOR KINEMATIC VISCOSITY TO SAYBOLT UNIVERSAL VISCOSITY 


Conversion Factors*® 


A 
0.994 


than 75 centistokes. 


1997 


ee eee 


B 


4.604 
4.607 
4.610 
4.613 
4.615 
4.618 


4.621 
4.624 
4.627 


TABLE 11A1.3 


(Part of Procedure 11A1.1) 


Temperature 
(F) 
180 
190 
200 
210 
220 
230 


240 
250 
260 
270 
280 
290 


300 
310 
320 
330 
340 
350 
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Equivalent 
Saybolt 
Universal 
Viscosity 
(seconds) 


306 
311 
315 
320 
325 


329 
334 
339 
343 
348 


ersal viscosity at 100 F. At other temperatures, the 


Conversion Factors* 


A 


1.005 
1.005 
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is less than 75 centistokes; factor B applies when the kinematic viscosity is greater 
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11A1.4 
PROCEDURE 11A1.4 


CONVERSION OF KINEMATIC VISCOSITY TO SAYBOLT FUROL VISCOSITY 


Discussion 


The following procedure is to be used to convert kinematic viscosity data at 122F and 210F in 
centistokes to Saybolt Furol viscosity at 122F and 210F in Saybolt Furol seconds. 

The conversion of kinematic viscosity to Saybolt Furol viscosity may be made using the following 
equations, which are valid for all values of kinematic viscosity. 


FS gj DATI gg 94___ 
Vizze- 72.59 yop 6816 (AL4-1) 
SPS yqg#0 4792 Vgyyg*— 
+2130 
asd (11A1.4-2) 


Procedure 


Calculate the Saybolt Furol viscosity at 122F from Equation (11A1.4-1) or at 210F from Equation 
(11A1.4-2) given the kinematic viscosity at 122F or 210F respectively. 
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11A1.4 


COMMENTS ON PROCEDURE 11A1.4 
Purpose 


This procedure is given for converting kinematic viscosity in centistokes at 122F and 210F to the 
equivalent Saybolt Furol viscosity in Saybolt Furol seconds. 


Reliability 
Errors between calculated and experimental Saybolt Furol viscosities average 0.3 percent. 
Literature Source 


The procedure was adapted from ASTM D 2161-82, Standard Method for Conversion of Kinematic 
Viscosity to Saybolt Universal Viscosity or to Saybolt Furol Viscosity (6). 


Examples 


A. Estimate the Saybolt Furol viscosity in seconds at 122F and 210F for an oil having a kinematic 
viscosity of 300 centistokes at 122F and of 100 centistokes at 210F. 


1. Determine SFS,,.. using Equation (11A1.4-1). 
13 924 
300 ?-(72 59 * 300 )+6816 
2. Determine SFS,,o¢ using Equation (11A1.4-2) 
$610 


SFS 45977 (0.4792 » 100 overran 1 Aseconds . 
100 “+2130 


SFS 159=(0.4717 #300 )+ =141 Sseconds . 
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11A1.5 
TABLE 11A1.5 
CONVERSION OF KINEMATIC VISCOSITY TO SAYBOLT FUROL VISCOSITY 
(Part of Procedure 11A1.4) 
5 = Saybolt Furol : : Saybolt Furol : : Saybolt Furol 
Kinematic : : Kinematic ; Kinematic Ailes 
Viscosity Viscosity ___ Viscosity  ____Viscosity Viscosity Viscosity _ 
(centistokes) at122F at 210F (centistokes) at122F at 210F _ (centistokes) at 122F at 210F 
48 25.1 _ 125 60.0 60.2 350 165.2 167.8 
49 25.6 — 130 62.3 62.6 355 167.6 170.2 
30 26.0 25.2 135 64.6 65.0 360 169.9 172.6 
51 26.5 25.6 140 66.9 67.3 365 172.3 174.9 
52 27.0 26.1 145 69.2 69.7 370 174.6 177.3 
53 27.4 26.5 150 71.5 72.1 375 ; 177.0 179.7 
54 27.9 27.0 155 73.8 74.5 380 179.4 182.1 
55 28.3 27.4 160 76.1 76.9 385 181.7 184.5 
56 28.8 27.9 165 78,5 79.3 390 184.1 186.9 
57 29.2 28.4 170 80.8 81.6 395 186.4 189.3 
58 29.7 28.8 175 83.1 84.0 400 188.8 191.7 
59 30.1 29.3 180 85.4 86.4 405 191.1 194.1 
60 30.6 29.7 185 87.8 88.8 410 193.5 196.5 
61 31.1 30.2 190 90.1 91.2 415 195.8 198.9 
62 31.5 30.6 195 92.4 93.6 420 198.2 201 
63 32.0 31.1 200 94.8 96.0 425 201 204 
64 32.4 31.6 205 97.1 98.4 430 203 206 
65 32.9 32.0 210 99.4 100.8 435 205 208 
66 33.3 32.5 215 101.8 103.1 440 208 211 
67 33.8 33.0 220 104.1 105.5 445 210 213 
68 34.2 33.4 225 106.5 107.9 450 212 216 
69 34.7 33.9 230 108.8 110.3 455 215 218 
70 35.1 34.3 235 111.2 112.7 * 460 217 220 
71 35.6 34.8 240 113.5 115.1 465 219 223 
72 36.0 35.3 245 115.9 117.5 470 222 225 
73 36.5 35.7 250 118.2 119.9 475 224 228 
74 36.9 36.2 255 120.5 122.3 480 226 230 
75 37.4 36.7 260 122.9 124.7 485 229 232 
76 37.8 37.1 265 125.2 127.1 490 231 235 
78 38.7 38.1 270 127.6 129.5 495 234 237 
80 39.6 39.0 275 129.9 131.9 500 236 240 
82 40.5 39.9 280 132.3 134.2 505 238 242 
84 41.4 40.9 285 134.6 136.6 510 241 244 
86 42.3 41.8 290 137.0 139.0 515 243 247 
88 43.2 42.7 295 139.3 141.4 $20 245 249 
90 44.1 43.7 300 141.7 143.8 525 248 252 
92 45.0 44.6 305 144.0 146.2 §30 250 254 
94 45.9 45.6 310 146.4 148.6 §35 252 256 
96 46.8 46.5 315 148.8 151.0 540 255 259 
98 47.7 47.4 320 151.1 153.4 545 257 261 
100 48.6 48.4 325 153.5 155.8 550 259 264 
105 50.9 50.7 330 155.8 158.2 555 262 266 
110 53.2 53.1 335 158.2 160.6 560 264 268 
115 55.4 55.5 340 160.5 163.0 565 267 271 
120 57.7 57.8 345 162.9 165.4 $70 269 273 
11-12 1997 
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TABLE 11A1.5 (Continued) 


Saybolt Furol Saybolt Furol Saybolt Furol 


Kinematic : : Kinematic : : Kinematic : 

Viscosity  _____Viscosity Viscosity  ____Wiscosity Viscosity  ____Viscosity 

(centistokes) at 122 F at 210F (centistokes) at122F at210F (centistokes) at122F at 210F 
575 271 276 700 330 335 850 401 407 
580 274 278 705 333 338 860 406 412 
585 276 280 710 335 340 870 410 417 
590 278 283 715 337 343 880 415 422 
595 281 285 720 340 345 890 420 426 
600 283 288 725 342 347 900 425 431 
605 285 290 730 344 350 920 434 441 
610 288 292 735 347 352 940 443 450 
615 290 295 740 349 355 960 453 460 
620 292 297 745 351 357 980 462 470 
625 295 300 750 354 359 1000 472 479 
630 297 302 755 356 362 1020 481 489 
635 300 304 760 359 364 1040 491 498 
640 302 307 765 361 367 1060 500 508 
645 304 309 770 363 369 1080 509 518 
650 307 311 775 366 371 1100 519 527 
655 309 314 780 368 374 1120 528 $37 
660 311 316 785 370 376 1140 538 546 
665 314 319 790 373 379 1160 547 556 
670 316 321 795 375 381 1180 557 565 
675 318 323 800 377 383 1200 566 $75 
680 321 326 810 382 388 1220 575 585 
685 323 328 820 387 393 1240 585 594 
690 326 331 830 392 398 1260 594 604 
695 328 333 840 396 403 1280 604 613 
1300 613 623 
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11A1.6 


11-14 


PROCEDURE 11A1.6 
VISCOSITY CONVERSION 
Discussion 
The following equation, (11A1.6-1), is to be used to convert Redwood No. 1 viscosity at 140F, 


Redwood No. 2 viscosity, Engler viscosity, Saybolt Furol viscostiy at 122F, Saybolt Furol viscosity at 210F, 
or Saybolt Universal viscosity to kinematic viscosity, in centistokes. 


v = FR - GR 
R? +H (11A1.6-1) 
Where: 
v =kinematic viscosity, in centistokes. 
R = desired property to be converted, as talked about in the discussion, in degrees or seconds. 
F,G,.H = constants given in the following tabulation: 
Redwood No.1 Redwood No.2 Engler Saybolt Furol Saybolt Furol Equivalent Saybolt 
at 140F Degrees at 122F at 210F Universal 
F 0.244 2.44 7.60 2.12 2.09 0.22 
G 8,000 3,410 18.0 1,000 2,088 7,336 
H 12,500 9,550 1.7273 8,001 5,187 12,813 
Range ofR >35 >31 >1.000 >25 >25 >32 
(seconds or 
degrees) 


In order to do calculations with Saybolt Universal viscosity at temperatures other than 100 F, a 
conversion must to be made from Equivalent Saybolt Universal viscosity to Saybolt Universal viscosity at 
temperature, t. This conversion can be done through the use of Equation (11A1.3-2). 

SUS 


é 


SUS 14" 19 -0,000061 (100 
epee ooonet tte (11A1.6-2) 


Where: 
SUS,, = equivalent Saybolt Universal viscosity at t, in seconds. 
SUS, = Saybolt Universal viscosity at t, in seconds. 
t = temperature, in degrees Fahrenheit. 


Procedure 


Step1: Look up the appropriate constants for the desired property in the table above. If the desired 
property is the Saybolt Universal viscosity, make sure to make the conversion to the equivalent Saybolt 
Universal viscosity by using Equation (11A1.6-2). 

Step2: Calculate the kinematic viscosity, in centistokes, using the correct constants in Equation 
(11A1.6-1). 
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11A1.6 


COMMENTS ON PROCEDURE 11A1.6 
Purpose 


This procedure is given for converting Redwood, Engler, Saybolt Furol, and Saybolt Universal 
viscosities, in seconds and degrees, to kinematic viscosity, in centistokes. 


Reliability 
The estimated reliability of the equations are within 1 percent. 
Special Comments 


The conversion of kinematic viscosity data to Saybolt Universal and Saybolt Furol viscosities are given 
in Procedures 11A1.1 and 11A1.2 respectively. 

The conversion of kinematic viscostiy to Redwood No. | viscosity at 140F, Redwood No. 2 viscosity, or 
to Engler viscosity can be made using Equation (11A1.6-3). 


1 


R=Av+—____-___—_ 
B+tCv+Dv7+Ev? 


(11A1.6-3) 


Where: 
R = flow time, in seconds or Engler degrees. 
v_ = kinematic viscosity, in centistokes. 
A through E = constants given in the following tabulation: 


Redwood No.1 Redwood No.2 Engler 

at 140F Degrees 
A 4.0984 0.40984 0.13158 
B 0.038014 0.38014 1.1326 
c 0.001919 0.01919 0.0104 
D 0.0000278 0.000278 0.00656 
E 0.00000521 0.0000521 0.0 
Range of v >4.0 >73 >1.0 


(centistokes) 


Literature Sources 


The conversion of kinematic viscosity to Redwood No. 1 at 140F was taken from JP Standards for 
Petroleum and Its Products, Part 1, Sect.2-Appendix B (1969). 

Equation (11A1.6-2) was adapted from Procedure 11A1.1 

Equations (11A1.6-1) and (11A1.6-3) were adapted from O’Donnell, Mater. Res. Std. 9 (5] 25 (1969). 
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11A1.6 


Examples 


A. Find the kinematic viscosity of an oil having a Saybolt Universal viscosity of 300 seconds at 200 
degrees Fahrenheit. 


1. Convert the Saybolt Universal viscosity to the equivalent Saybolt Universal viscosity by 
using Equation (11A1.6-2). For this particular problem, t = 200F and SUS, = 300 seconds. 


sus _-=——____30_ 208 seconds 
t [1.0+0.006061 (200 -100 | 


2. Select the appropriate constants for equivalent Saybolt Universal viscosity. 


F=0.22 
G = 7,336 
H = 12,813 


3. Use these constants in Equation (1 1A1.3-1) to find the kinematic viscosity, in centistokes. 


v = 298F - 28S __ - 65 48 centistokes 


298° +H 
B. Find the Redwood No. 1 viscosity at 140F of an oil having a kinematic viscosity of 70 centistokes. 


1. Look up the appropriate constants for converting kinematic viscosity to Redwood No. 1 
viscostiy at 140F. : 


A = 4.0984 

B = 0.038014 
C =0.001919 
D = 0.0000278 
E = 0.00000521 


2. Use these constants in Equation (11A1.6-3) to find the Redwood No. | viscosity at 140F, in 


seconds. 
T=A (ibe =287 .4zeconds 
B+C(70)+D(70)+E(70) 
11-16 1997 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 143° 3'235.33 


STD-API/PETRO TDB CHAPTER L1L-ENGL 19952 M@@ 07322790 OS6b980 30? 


11A2.1 


PROCEDURE 11A2.1 


CORRELATION FOR THE LIQUID VISCOSITY OF PURE COMPOUNDS 
AT LOW PRESSURE 


Discussion 
The following equation is recommended for calculating the liquid viscosity of pure compounds over a 
specified temperature range at low pressure. 


nh = 1000 exp (A + BT + C ln T + DTS (11A2.1-1) 
Where: 
H = absolute viscosity of liquid, in centipoises. 
T = __ temperature, in degrees Rankine. 
AthroughE = _ correlation coefficients from Table 11A2.2. 
Procedure 


Step 1: Locate the coefficients for the desired compound in Table 11A2.2. Check to see if the 
temperature is within the specified range of the correlation. 
Step 2: Calculate the liquid viscosity from Equation (11A2.1-1). 
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COMMENTS ON PROCEDURE 11A2.1 


Purpose 


This procedure is used to calculate the liquid viscosity of pure compounds as a function of 
temperature at low pressure. Table 11A2.2 lists coefficients for 300 pure compounds. 


Limitations 
This procedure is valid only over the temperature range listed in Table 11A2.2 for each compound. 


The average error over the entire temperature range is less than 5 percent and generally better than 2 percent. 
The correlations only are valid for low pressure liquids. Procedures 11A5.] or 11A5.7 can be used to 


correct the viscosity for high pressure. 
Literature Sources 

Procedure 11A2.1 was developed by the project staff at The Pennyslvania State University. 
Example 

Determine the liquid viscosity of n-decane at 104 F. 


1. Obtain the necessary coefficients from Table 11A2.2. 


A = -16911 
B = 2761.2 
C = 0.7511 
D = QO 
E = 90 


2. Convert the temperature from Fahrenheit to Rankine. 
T = 104+459.67 = 563.67R 
This value is within the correlation temperature range of 438 to 807 Rankine. 
3. Using Equation (11A2.1-1). 


1000 exp [ -16.911 + 2761.2/563.67 + 0.7511 In (563.67)] 
0.707 centipoise 


y 
B 


The experimental value is 0.696 centipoise. 
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11A2.3 


PROCEDURE 11A2.3 


LIQUID VISCOSITY OF PURE HYDROCARBONS 
AT LOW PRESSURE 


Discussion 


The following group contribution method is to be used to estimate the viscosity of pure liquid 


hydrocarbons at low pressures: 
18 1 
= B apn (11A2.3-1) 
log » Ma 7 


p» = absolute viscosity of liquid, in centipoises. 
T = temperature, in degrees Rankine. 
B and T, are obtained in the following manner: 


Where: 


N°=N+) n AN, (11A2.3-2) 
f 


Where: 
N’ = equivalent chain length. 
N = actual number of carbon atoms in the molecule. 
AN; = structural contributions of group i, which can be found in Table 11A2.4. 
n; = number of times a functional group appears in a molecule. 


T ,=28 86 +37 439 N °-1.3547 N “+0.02076 N® N’<20 (11A2.3-3) 

T ,=238 59 +8.164N° N’>20 (11A2.3-4) 

B =B +> nAB, (11A2.3-5) 

B, =24.79 +66.885 N °-1.3171 N *-0.00377 N * N’<20 (11A2.3-6) 
B, =530.59+13.740N* N’>20 (11A2.3-7) - 


AB; represents the contributions of group i, which can be found in Table 11A2.4 


NOTE: If the structural or functional group AN, appears n; times in the molecule, n,A N; corrections must be 
added, while the AB; contribution is applied only a single time. 


Procedure 


Step 1: Compute AN; from Table 11A2.4. 

Step 2: Calculate N” using AN, and Equation (11A2.3-2), 

Step 3: Calculate T, using Equation (1 1A2.3-3) for N’<20 or Equation (11A2.3-4) for N">20. 
Step 4: Calculate B, using Equation (1 1A2.3-6) for N’<20 or Equation (11A2.3-7) for N°>20, 
Step 5: Compute AB; using N* and Table 11A2.4. 

Step 6: Calculate B using AB, and Equation (1 1A2.3-5). 

Step 7: Calculate the liquid viscosity using equation (11A2.3-1). 
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11A2.3 
COMMENTS ON PROCEDURE 11A2.3 


Purpose 


Procedure 11A2.3 is a general method for estimating the liquid viscosity of pure hydrocarbons when 


there is no experimental viscosity data known for the substance. 


Limitations 


This method should not be used for reduced temperatures that exceed 0.7 (approximately the normal 


boiling point). 


Reliability 


Equation (11A2.3-1) gave an average error of 12 percent for the 1700 data points evaluated. Large 


errors usually result for the first member of a homologous series. 


Literature Sources 


The equations and contribution factors were taken from Van Veltzen, Cardozo, and Langenkamp, 
Ind. Eng. Chem. Fundam., 11 20 (1972), and from Van Veltzen, Cardozo and Langenkamp, “Liquid 
Viscosity and Chemical Constitution of Organic Compounds: A New Correlation and a Compilation of 
Literature Data,” Euratom 4735e, Joint Nuclear Research Center, Ispra Establishment, Italy (1972). 


Example 


Determine the viscosity of cis-1,4-dimethylcyciohexane at 32F. 


1. There are two functional groups in cis-1,4-dimethylcyclohexane, namely, cyclohexane and n- 


alkanes. N = 8. 
2. From Table 11A2.4, AN; is 1.48 for cyclohexane and 0 for n-alkanes. 
3. N’can be found from Equation (11A2.3-3): 
N °=$+1.48 +02 2=9.48 
4. To can then be calculated using Equation (11A2.3-3) because N”<20: 
T= 28 86 +37 439 (9.48 )- 1.3547 (9.487) +0.02076 (9.48°)=279 .72 
5. B, can found using Equation (1 1A2.3-6) because N’ <20: 
B =24 .79 +66 885 (9.48 )- 1.3173 (9.487)-0.00377 (9.48 >)=537 .26 


6. Using Table 11A2.4 and the value for N’ calculated in Step 3, AB; can be determined: 
AB = -272 85 +25 .041 (9.48)= -35 .46 for cyclohexane 


AB =0 for n-alkanes 
7. The value for B can be determined using Equation (11A2.3-5): 
B=537 .26 +(-35 .46)=501 .80 
8. The viscosity can finally be calculated using Equation (11A2.3-1): 


1.8 -_! 
32 +459 .67 279.72 


log » =501 sa }-0.08 


p=1.104 cennpoises 
The experimental value for the liquid viscosity at 32F is 1.224 centipoises. 
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11A2.4 


TABLE 11A2.4 
GROUP CONTRIBUTIONS FOR CALCULATION OF LIQUID VISCOSITY 
OF PURE HYDROCARBONS 
(Part of Procedure 11A2.3) 
Structure or functional AN, AB, Remarks 
group 
n-Alkanes 0 0 
Isoalkanes 1.389-0.238N 15.51 
Saturated hydrocarbons 2.319-0.238N 15.51 
with two methyl groups in 
iso position 
n-Alkenes -0.152-0.042N -44.94+5.410N" 
n-Alkadienes -0.304-0.084N -44,94+5.410N" 
Isoalkenes 1.237-0.280N -36.01+5.410N" 
Isoalkadienes 1.085-0.322N -36.01+5.410N" 
Hydrocarbon with one 2.626-0.518N -36.01+5.410N” For any additional CH, 
double bond and two groups in Iso position, 
methyl groups in iso increase AN by 1.389- 
position 0.238N. 
Hydrocarbon with two 2.474-0.560N -36.01+5.410N” For any additional CH, 
double bonds and two groups in iso position, 
methyl groups in iso increase AN by 1.389- 
position 0.238N. 
Cyclopentanes 0.205+0.069N -45.964+2.224N" .N<16;not recommended 
for N=5,6. 
3.971-0.172N -339.674+23.135N N216. 
Cyclohexanes 1.48 -272.854+25.041N” N<17:not recommended 
for N=6,7. 
6.517-0.311N -272.85+25.041N"  N217. 
Alkyl benzenes 0.60 -140.04+13.869N” N<16:not recommended 
for N=6,7.*>* 
3.055-0.161N -140.04+13.869N"  N216.2>¢ 
Polyphenyls -5,.340+0.815N -188.40+9.558N" 


* For substitutions on an aromatic ring in more than one position, additional corrections are required: 
Ortho AN=051 AB=54.84 
Meta AN=0.11 AB=27.25 
Para _AN=-0.04 AB=-17.57 
* For alkylbenzenes, if the hydrocarbon chain has a methyl group in an iso position, decrease AN by 0.24 
and increase AB by 8.93 for each such grouping. 
* For alkylbenzenes, add the following corrections for each aromatic nucleus. If N<16, increase AN by 
0.60; if N2 16, increase AN by 3.055-0.161N for each aromatic group. For any N, increase AB by 
(-140.04+13.869N’). 
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11A3.1 
PROCEDURE 11A3.1 
LIQUID VISCOSITIES OF DEFINED MIXTURES 
AT LOW PRESSURES 
Discussion 


Equation (11A3.1-1) is to be used to estimated the viscosity of defined liquid mixtures. 
Although Procedure 11A4.4 is preferable for blending complex hydrocarbon mixtures when the viscosities of 
the component liquids are known at two temperatures, this procedure can be used when the components are 
similar in molecular weight and general character. 


hed [sae (11A3.1-1) 


Where: 
H,, = viscosity of the mixture, in centipoises. 
4, = viscosity of component i, in centipoises. 
n = number of components in the mixture. 


x, = mole fraction of component 1. 


Procedure 


Step 1: Find the liquid viscosities of the individual components at the desired temperature and 
pressure from the Procedures of 11A2 and 11A5. 


Step 2: Convert the concentration units to mole fractions. Molecular weights and densities of pure 
compounds are given in Chapter 1. The molecular weights of petroleum fractions are given by the methods 
outlined in Chapter 2, and densities are given by the methods outlined in Chapter 6. 


Step 3: Obtain the viscosity of the mixture from Equation (11A3.1-1). 
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11A3.1 


COMMENTS ON PROCEDURE 11A3.1 

Purpose 

This procedure is given for estimating the liquid viscosity of defined hydrocarbon mixtures. 
Limitations 

This procedure requires the viscosities of all components at the same temperature and pressure. 
Results for a blend of two liquids of dissimilar character will give high or low results, depending on the 
viscosity of the liquid with the lowest viscosity-temperature coefficient. This method is not recommended for 
blending petroleum fractions or hydrocarbon mixtures of undefined composition. Procedure 11A4.5 should 
be used for these blends. If one component is above its critical temperature, then treat as a dissolved gas and 
use procedure 11A7.1. 
Reliability 

The average error for this method is 5.7% based on 1300 data points. Errors are usually 3% or less 
for systems of the same chemical family (e.g., paraffin-paraffin). Errors from 10% to 15% can be expected 
for mixtures of paraffins with aromatics or paraffins with naphthenes. 
Literature Source 


Equation (11A3.1-1) was adapted from Kendall and Monroe, J. Am. Chem. Soc. 39 1787 (1917). 


Examples 


A. Estimate the liquid viscosity of a mixture containing 29.57 mole percent n-hexadecane, 
35.86 mole percent benzene, and 34.57 mole percent n-hexane at 77 F and 14.7 pounds per square inch 
absolute. 


From Procedure 11A2.1, the viscosity of n-hexane is 0.30 centipoise, 7-hexadecane is 3.03 
centipoise, and of benzene is 0.60 centipoise. All at the stated conditions. 


Mm, = [(0.2957)(3.03)'? + (0.3586)(0.60)" + (0.3457)(0.30)') 
= [(0.2957)(1.447) + (0.3586)(0.8434) + (0.3457)(0.6694)]? 
= [(0.4279) + (0.3024) +(0.2314)]? = 0.89 centipoise 


The experimental value is 0.891 centipoise. 


B. Estimate the viscosity of a mixture containing 25 mole percent propane, 50 mole percent n- 
pentane, and 25 mole percent cyclohexane at 160 F and 5000 pounds per square inch absolute. 


1. The viscosities of the individual compounds at 5000 psia may be found by 


“Procedure 11A5.1. The following tabulation gives the critical temperatures, critical pressures, and acentric 


factors (from Chapter 1): 


11-31 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 


2000 14332233 


STD-API/PETRO TDB CHAPTER LI-ENGLE 1992 MM 0732290 OS66995 336 


11A3.1 


Component 


Propane 
n-Pentane 


Cyclohexane 


2. 


Critical Temperature 
(F) 


206.0 
385.8 
536.8 


Critical Pressure Acentric 
(psia) Factor 
616.1 0.1523 
488.3 | 0.2515 
$91.0 0.2096 


From Table 11A5.2, the critical viscosity of propane is 0.0237 centipoise and of n- 


pentane is 0.0255 centipoise. From these values the viscosity at 5000 pounds per square inch absolute and 
160 F calculated by Procedure 11A5.1 for propane is 0.109 centipoise and for n-pentane is 0.218 centipoise. 


3. 


The viscosity of cyclohexane at 14.7 pounds per square inch absolute and 160 F 


from Procedure 11A2.1 is 0.455 centipoise. At 5000 pounds per square inch absolute and 160 F, using 
Procedure 11A5.1, its viscosity is 0.630 centipoise. 


4. 


11-32 


The finally find the viscosity of the mixture, simply apply Equation (11A3.1-1): 


pe, = [(0.25)(0.109)'? + (0.50)(0.218)'? + (0.25)(0.630)'7]° 
= [(0.25)(0.478) + (0.50)(0.602) + (0.25)(0.857)]}° 


= 0.256 centipoise 
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11A4.1 
PROCEDURE 11A4.1 
CORRELATION FOR THE LIQUID VISCOSITY OF PETROLEUM FRACTIONS 
AT LOW PRESSURE 
Discussion 
The equations below can be used to calculate the liquid viscosity of petroleum fractions at any 
temperature and low pressure given an experimental viscosity at 100 F. 
log(v) = B $59.67 a 0.86960 gd 1A4. 1-1) 
(T + 459.67) 
Where: 
v = _ kinematic viscosity at temperature T, in centistokes. 
T = __ temperature, in degrees Fahrenheit. 
vo = measured kinematic viscosity at 100 F, in centistokes. 
B = = log (v,) + 0.86960 (11A4.1-2) 
S = 0.28008 log (v,) + 1.8616 (1144.1-3) 
Procedure 


Step 1: Calculate the constants B and S using the experimentally measured kinematic viscosity at 
100 F and Equations (11A4.1-2) and (11A4_1-3). 
Step 2: Calculate the liquid viscosity from Equation (11A4_1-1). 
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11A4.1 


COMMENTS ON PROCEDURE 11A4.1 


Purpose 

Procedure 11A4.1 is a correlation for predicting the liquid viscosity of petroleum fractions as a 
function of temperature at low pressure from a measured viscosity at 100 F. 
Limitations 

This procedure requires a measured kinematic viscosity at 100 F. The correlation is only valid for 
low pressures. After calculating the viscosity at low pressure, Procedure 11A5.5 can be used to correct the 


viscosity to any elevated pressure. This procedure should only be used at temperatures where the material is 
a liquid. 


Reliability 

The average error was approximately 5.6% when tested for 1300 data points. The method works 
best for light, paraffinic fractions with API gravities in excess of 30 degrees API. The method degrades 
substantially for much heavier fractions. 
Literature Sources 

The procedure is from Singh, Mutyala and Puttagunta, Hydrocarbon Processing. 69(9), 39 (1990). 


Example 


Estimate the liquid viscosity of a Sumatran crude at 210 F. The viscosity of this crude is 1.38 
centistokes at 100 F. 


1. Determine B from Equation (11A4.1-2), 


B 
B 


log (1.38) + 0.86960 
1.0095 


Determine S from Equation (11A4.1-3), 


Ss 
S 


0.28008 log (1.38) + 1.8616 
1.9008 


toll 


2. Use Equation (11A4.1-1) to calculate the viscosity at 210F. 


log(v) = 1.0095 [559.67/2210 + 459.67) ]' 9% - 0.86960 
log(v) =  -0.1518 
v = 0.705 centistokes 


The experimental value is 0.668 centistokes. 
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11A4.2 
PROCEDURE 11A4.2 


LIQUID VISCOSITY OF UNDEFINED MIXTURES AS A 
FUNCTION OF TEMPERATURE AT LOW PRESSURE 


Discussion 


Equations (11A4.2-1) through (1144.2-6) can be used to predict the viscosity of petroleum fractions 
or coal liquids at 100 F and 210 F. Liquid viscosities at other temperatures can be found by using Procedure 
11A4.4 or Equations (11A4.4-1) through (11A4.4-5). The API gravity or specific gravity and an average 
boiling point must be known for the petroleum or coal fraction. 


At 100°F, 
Vio == Veet * Ver (11A4.2-1) 
log Vie = -1.35579 + 8.16059 x 107 T, + 8.38505 x 10° T,? (11A4.2-2) 
log v., = A, + AUK (11A4,2-3) 
Where: 
A, = G test rely tel, (11A4.2-4) 
A = d,+d,T, +d,T,?+4,T,? (11A4.2-5) 
Cc = 3.49310 x 10! 
C = -8.84387 = 10° 
C, = 6.73513 x 10° 
Cy = -1.01394 x 10° 
d, as -2.92649 
d, = 6.98405 x 10° 
d; = -5.09947 x 10% 
d, = 7.49378 x 10° 
At 210F, 
log v2.) = B, + B,T,+ B, log (T,,v 19) (11A4.2-6) 
B, = -1.92353 
B, = 2.41071 = 10% 
B, = 0.511300 
Vioo = kinematic viscosity at 100 F, in centistokes. 
Voi9 = ‘kinematic viscosity at 210 F, in centistokes. 
» = mean average boiling point, in degrees Rankine. 
SG = _ specific gravity, 60F/60F. 
bf a 
Watson K factor = —~— 


SG 
note: API gravity may be converted to specific gravity using the equation, 


: ; 141.5 11A4.2-7) 
ifc gravity = —————_ ( . 
sage ala (API + 131.5) 
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11A4.2 


Procedure 


Step 1: Obtain the mean average boiling point from Procedure 2B1.1. Note: The volume average 
boiling point may be used with little loss of accuracy. 

Step 2: If necessary, convert the API gravity to specific gravity using Equation (11A4.2-7). 

Step 3: Calculate the Watson K factor from the mean average boiling point and the specific gravity. 

Step 4: Calculate the kinematic viscosity at 100 F using Equations (1 1A4.2-1) through (11A4.2-5). 

Step 5: Calculate the kinematic viscosity at 210 F using Equation (11A4.2-6) and the kinematic 
viscosity calculated at 100 F in step 3. 

Step 6: Correct the viscosity to any other temperature using Equations (11A4.4-1) through 
(11A4.4-5) or Procedure 11A4.4. 
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11A4.2 


COMMENTS ON PROCEDURE 1144.2 


Purpose 


Procedure 11A4.2 is presented to predict the liquid viscosity of a petroleum fraction as a function of 
temperature at low pressure. This procedure also can be used for whole crudes or any other petroleum based 
liquid. The procedure can also be used for coal liquids. 


Limitations 


The procedure is intended for use near atmospheric pressure. Procedure 11A5.5 can be used to 
correct for pressure above atmospheric. The procedure is restricted to Newtonian fluids and should only be 
used at temperatures where the material is a liquid. 

Equations (11A4.2-1) through (11A4.2-6) should be used for petroleum liquids that fall within the 
range of applicability depicted graphically in Figure 11A4.3. Figure 11A4.3 shows the range of model 
applicability as a function of Watson K and API gravity. The model should not be used for any data that lie 
within the crosshatched areas A & B. The procedure was tested for fluids that had an average boiling point 
between 150 F and 1200 F and API gravities between 0 and 75 degrees API. The procedure should be used 
with care outside of these boiling point and API gravity ranges. If no experimental data exist and one desires 
to predict the viscosity of a petroleum fraction that falls outside of the range of model applicability as 
described in Figure 11A4.3, then the predictive method by Twu (Ind. Eng. Chem. Process Des. Dev., 24(4), 
1287 1985) is the next best alternative. 


Reliability 

When tested against over 7000 data points, the procedure gave an overall average error of 14%. 
Better results were obtained for light and intermediate fractions than for heavy fractions. For petroleum 
liquids with an API gravity greater than 30, the average error improves to 8%. For coal liquids, the average 


error was 35% for 252 data points. The error improves to 8% for coal liquids with an API gravity greater 
than 30. 


Literature Sources 


Equations (11A4.2-1) through (11A4.2-6) are from F itzgerald, D. J., private communication to AP] 
Technical Data Committee. 


Example 

A. For a petroleum fraction having an API gravity of 33.4 and a mean average boiling point of 598.7 F, 
A. Estimate the viscosity at 100 F 
B. Estimate the viscosity at 210 F 
C. Estimate the viscosity at 140 F. 


1. Convert the API gravity to specific gravity using Equation (1 1A4.2-5). Convert the boiling point 
from degrees Fahrenheit to degrees Rankine. 


i ; 141.5 
specific grav Sr 0.8581 
sf (33.4 + 131.5) 
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11A4.2 ‘ 
T, = 598.7 + 459.67 = 1058.37R K = 08s 37)" = 11.87 
2. Use Equations (11A4.2-1) through (11A4.2-5) to calculate the viscosity at 100 F. 


log Vrep = - 1.35579 + 8.16059 = 10“ (1058.37) + 8.38505 x 10° (1058.37) 


Veet = 2.80 centistokes 

A, = 34.9310 - 8.84387 x 107 (1058.37) + 6.73513 x 10° (1058.37) 
~ 1.01394 x POSS: 37) 

A, = 4,753 

As = -2,92649 + 6. 98405 x 10° (1058.37) - 5.09947 x 10% (1058.37)? 
+ 7.49378 x 107° (1058.37)° 

A, = -0.3585 


log V gor = 4.753 - 0.3585 (11.870) 
Veer = 3.14 centistokes 
Vioo = 2.80 + 3.14 = 5.94 centistokes 
The experimental value is 5.59 centistokes. 


3. Use Equation (11A4.2-6) to calculate the viscosity at 210 F. 
log V9 =-1.92353 + 2.41071 x 10% (1058.37) + 0.511300 log (1058.37 x 5.94) 
log V2j9 = 0.2738 
Vaio = 1.88 centistokes 
The experimental value is 1.81 centistokes. 


4. Use Procedure 11A4.4 to calculate the viscosity at 140 F. Plotting the calculated viscosities at 100 
and 210 F, the viscosity at 140 F is 3.6 centistokes from Procedure 11A4.4. The experimental value is 3.37 
centistokes. 

Alternatively, using Equations (11A4.4-1) through (11A4.4-5) the viscosity is calculated to be 3.58 
centistokes. 


B. For a coal liquid fraction having an API gravity of 4.70 and a mean average boiling point of 647.3 F, 
calculate the kinematic viscosity at 304 F. 


1. Convert the API gravity to specific gravity using Equation (11A4.2-7). Convert the boiling 


point from degrees Fahrenheit to degrees Rankine. 


: : 141.5 
specific gravity = —_————___ = 1.0389 
P (4.70 + 131.5) 


T, = 647.3 + 459.67=1106.97R = K = £1106 979 _ 9 956 
1.0389 
2. Use Equations (11A4.2-1) through (11A4.2-5) to calculate the viscosity at 100 F. 


log Viep «= - 1.35579 + 8.16059 « 10% (1106.97) + 8.38505 = 107 (1106.97) 


Veet = 3.76 centistokes 

A, = 34.9310 - 8.84387 = 10° (1106.97) + 6.73513 x 10° (1106. 979 
- 1.01394 x 10% (1106.97)? 

A, = 5.809 

A, = -2.92649 + 6.98405 x 10? (1106.97) - 5. 09947 x 10% (1106. 97) 
+ 7.49378 x 10°'° (1106. 97)° 

A, = -0.4277 
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11A4.2 
log v.,, = 5.809 - 0.4277 (9.955) 
V cor = 35.58 centistokes 
Vioo = 3.76 + 35.58 = 39.34 centistokes 


3. Use Equation (11A4.2-6) to calculate the viscosity at 210 F. 


log Vo = -1.92353 + 2.41071 x 10“ (1106.97) 
+ 0.511300 log (1106.97 = 39.34) 
Varo = 5.19 centistokes 


4. With the viscosities calculated in steps 2 and 3 above, the viscosity is estimated to be 2.15 
centistokes at 304 F from Procedure 11A4.4. Alternatively, using Equations (11A4.4-1) 
through (11A4.4-5) the viscosity is calculated to be 2.12 centistokes. The experimental value is 
1.78 centistokes at 304 F. 


C. Calculate the kinematic viscosity at 100 F for two Middle Eastern crude fractions having the 
following properties: 
Fraction API Gravity Mean Average Boiling Point, F 
l 47.40 382.10 
2 13.80 1113.20 


1. For crude fraction number one, 


SG = 141.5/(47.40 + 131.5) = 0.7909 


T, = 382.10 + 459.67 = 841.77 K= oe = 11.93 

log Vip = -1.35579 + 8.16059 = 10“ (841.77) + 8.38505 x 10° (841.77)° 

Vier = 0.842 centistokes 

A, = 34.9310 - 8.84387 x 107 (841.77) + 6.73513 = 10° (841.77) 
- 1.01394 x 10* (841.77) 

A, = 2.162 

A, = -2.92649 + 6.98405 x 103 (841.77) - 5.09947 x 10° (841.77)° 
+ 7.49378 x 107° (841.77) 

A, =-0.214 

log Veo, == 2.162 - 0.214 (11.93) 

V cor = 0.406 centistokes 

Vi00 = 0.842 + 0.406 = 1.248 centistokes 


The experimental value is 1.29 centistokes 
2. For crude fraction number two, 


SG = 141.5/(13.80 + 131.5) = 0.9738 


T, = 1113.20 +.459.67 = 1572.87 K= 572 S72)" = 11.94 
Viet = 100 centistokes 
log v,,, = 22.996 - 1.641 (11.94) 
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11A4.2 
Voor = 2526 centistokes 
Vi00 = 100 + 2526 = 2626 centistokes 
The experimental value is 2130 centistokes. 
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11A4.3 


Figure 11A4.3 Range of applicability of Procedure 11A4.2 
for undefined liquid mixtures at low pressure. 
The model is not applicable in cross—hatched 
areas A & B. 
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11A4.4 


PROCEDURE 11A4.4 
TEMPERATURE VARIATION OF LIQUID VISCOSITY 


Discussion 


Equations (11A4.4-1) through (11A4.4-5) are to be used to estimate the liquid viscosity of a 
petroleum liquid providing two other viscosities are known at two separate temperatures. 


v =Z-0.7 - exp [-0.7487 - 3.295 (Z - 0.7) + 0.6119 (Z - 0.7)? (11A4.4-1) 
- 0.3193 (Z - 0.7)7] 
Where: 
Z = antilog [antilog [log log Z. + B (log T - log T,)]] (11A4.4-2) 
and, 
B = (log log (Z,) - log log (Z,))/(log T, - log T.) (11A4.4-3) 
and, 
Z, =v, +0.7 +exp [-1.47 - 1.84 v, -0.51v,7] (11A4.4-4) 
and, 
Z,=v,+0.7 + exp [-1.47 - 1.84 v,-0.51lv,’] - (11A4.4-5) 
and, 
Where: 
v =kinematic viscosity at temperature T, in centistokes 
T | =required temperature, in degrees Rankine 
v, = kinematic viscosity at temperature T,, in centistokes 
v, = kinematic viscosity at temperature T,, in centistokes 
T,T. = reference temperature corresponding to v. and v., in degrees Rankine 
Procedure 
Step 1: Calculate the constants Z, and Z, using Equations (11A4.4-4) and (11A4.4-5) respectively. 
Step 2: Calculate the constant B using Z, and Z, from step 1 and Equation (11A4.4-3). 
Step 3: Calculate the constant Z using Equation (11A4.4-2). 
Step4: Calculate the kinematic viscosity of the petroleum liquid using Equation (11A4.4-1). 
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11A4.4 


COMMENTS ON PROCEDURE 11A4.4 
Purpose 


Procedure 11A4.4 is a convenient means for estimating the liquid viscosity of a petroleum liquid at 
any temperature within a limited range, provided viscosities at two temperatures are known. 


Limitations 


Procedure 11A4.4 should be used only in the temperature range where the hydrocarbon is a liquid. 
Thermal cracking in oils at temperatures greater than about 475 F makes viscosities predicted at these 
temperatures unreliable. 

This procedure is suitable only for Newtonian fluids. Caution should be applied when using this 
procedure in regions far removed from the experimental values. 


Reliability 


At low temperatures, deviations can be quite large. Some polymers, waxy oils, and some silicate 
esters have significantly higher viscosities than are predicted by this procedure. Deviations are greater the 
higher the aromaticity. Some high-molecular-weight pure compounds, as well as some superrefined mineral 
oils, have significantly lower viscosities at low temperature than those predicted. Average error in viscosity 
of pure compounds is less than 4 percent. The assumption of linearity is very good between 32 F and 212 F. 
Predicted values of the viscosity will always be at temperatures above 212 F, with the deviation increasing as 
the temperature is increased. Such deviations are greater for aromatic stocks than for paraffinic stocks. 
Errors greater than those stated may occur when interpolation is made over more than one order of magnitude 
in viscosity. 


Special Comments 


The following charts, which are described in ASTM D 341-93, are available from the American 
Society for Testing and Materials: 


Kinematic 

ASTM Viscosity Range Temperature Size 
Chart (centistokes) Range (inches) 
I 0.3 to 20 x 10° -70 to +307 C 27 x 32 
Il 0.18 to 6.5 -70 to +370 C 27 x 32 
III 0.3 to 20 x 106 -70 to +370 C 8.5x 11 
0.18 to 6.5 -70 to +370 C 85x11 
Vv 0.3 to 20 x 10° -100 to +700 F 27x 32 
0.18 to3.0 -100 to +700 F 21x32 
Vil 3.0 to 0.2 x 10° -40 to +150C 85x11 
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11A4.4 


Literature Source 


The charts are published as an adjunct to ASTM D 341-93 by the American Society for Testing and 
Materials, Philadelphia, Pennsylvania. Equations 11A4.4-1 through 11A4.4-5 are from ASTM D 341-93. 


Examples 


A. Find the viscosity of an oil at 150 F whose viscosity at 100 F and 210 F is 200 centistokes and 20 
centistokes, respectively. 
ASTM Chart V (see special comments) could be used for this calculation. This shows that the 
viscosity at 150 F is 57.5 centistokes. 


B. Find the viscosity of 2-methylnonane at 68 F. 

From Procedure 11A2.1, the viscosity of 2-methylnonane at 32 F is 1.644 centistokes and at 104 F is 
0.925 centistokes. 

Alternatively, using Equations (11A4.4-1) through (11A4.4-5), 


I. T; = 32 + 459.67 = 491.67R 
T, = 104 + 459.67 = 563.67 R 
Vv; = 1.644 centistokes 
v5 = 0.925 centistoke 
2. Calculate Z, and Z, using Equations (11A4.4-4) and (11A4.4-5), respectively. 
Z, = 1.644 + 0.7 + exp[-1.47 - 1.84(1.644) - 0.51(1.644)'] 
Z, = 2.3468 
Z, = 0.925 + 0.7 + exp[-1.47 - 1.84(0.925) - 0.51(0.925 y’] 
Ze = 1.6521 
3. Calculate B from Equation (11A4.4-3). 
B = flog (log 2.3468) - log(log 1.6521 )] flog 491.67 - log $63.67] 
B = -3.879] 
4. Calculate Z from Equation (11A4.4-2). 
Z = antilog {antilog | log (log 2.3468 ) + (-3.8791) (log (68 + 459.67) - log 491 67)] 
Z= 1.9127 
5. Calculate the viscosity at 68 F from Equation (11A4.4-1). 


v = 1.9127 - 0.7 - exp [-0.7487 - 3.295(1.9127 - 0.7) 


+ 0.6119(1.9127 - 0.7) - 0.3193(1.9127 - 0.7)'] 
v = 1.201 centistokes. ; 
The experimental value is 1.199 centistokes. 
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11A4.5 
PROCEDURE 11A4.5 
LIQUID VISCOSITY BLENDING OF HYDROCARBON MIXTURES 
Discussion 
This procedure offers an accurate method of estimating the viscosity of a blend of two hydrocarbon 
liquids of undefined composition. The viscosity of each liquid must be known at two temperatures. These 


two temperatures are commonly 100 F and 210 F, but any two reasonably spaced temperatures will suffice. 
The weight fraction of each component must also be known. The Equation for the viscosity of the 


hydrocarbon blend follows. 
In [in (v + 0.7)] =m din T) +b . (11A4.5-1) 
Where: 
v= kinematic viscosity of hydrocarbon blend, in centistokes. 
T = absolute temperature, in degress Rankine. 
m,b= —_— parameters for predicting the viscosity of the blend. Determined from experimental 


viscosity-temperature data of blend components. 
Procedure 


Required Data: Measured or predicted kinematic viscosities of each blend component at two temperatures, 
T, and T., and the weight fraction of each blend component. 


Step 1: Designate the lower viscosity petroleum liquid as L and the higher viscosity petroleum 
liquid as H. Determine m, and b, for the lower viscosity oil by using the experimental viscosities at T, and 
T, and Equation (11A4.5-1). Repeat to find m, and b,, for the higher viscosity oil. 

Step 2: Use the parameters m, and b, and Equation (11A4.5-1) to calculate the lower viscosity oil 
temperature, T,, that will have the same viscosity as the higher viscosity oil at temperature T,. 

Step 3: Determine the temperature, T,, of the blend at constant viscosity (i.e., the viscosity of the 
higher viscosity oil at T,). 


In T, = w, In T, + w, In T, (11A4.5-2) 
Where: 
Ww, = weight fraction of lighter viscosity component. 
Wy = weight fraction of heavier viscosity component. 
T, = temperature where the viscosity of the light component equals the 
viscosity of the heavy component at T,, in degrees Rankine. 
T, = temperature of blend at constant viscosity, in degrees Rankine. 


Step 4: Use the parameters b,;, m, and Equation (11A4.5-1) to find the higher viscosity oil 
temperature, T},, that will have the same viscosity as the lower viscosity oil at temperature T,. 

Step 5: Determine the temperature, T,, of the blend at constant viscosity (i.e., the viscosity of the 
lower viscosity oil at T,) from 


nT, = w, bh T, + w, in Ty (11A4.5-3) 
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11A4.5 | 
Where: 
T, = temperature where the viscosity of the heavy component equals the viscosity 
of the light component at T,, in degrees Rankine. 
T, = temperature of blend at constant viscosity, in degrees Rankine. 


Step 6: Knowing the blend viscosity at T, and T,, calculate for the blend the parameters m and b in 
Equation (11A4_5-1). 

Step 7: Determine the viscosity of the blend at any temperature using Equation (11A4.5-1) and m 
and b from Step 6. 
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11A4.5 


COMMENTS ON PROCEDURE 11A4.5 
Purpose 
This procedure is used to estimate the viscosity of blends of petroleum liquids. The procedure may 
also be used to estimate the viscosity of blends of pure compounds, although Procedure 11A3.1 is preferred 
for estimating the viscosity of mixtures of pure compounds. 


Limitations 


This procedure is to be used at low pressure. Procedure 11A5.3 can be used to correct the viscosity 
from low to high pressure. 


Reliability 

The average error was 3.3% for approximately 300 blends. This error increases to approximately 
11.1% 1f one component is a very light oi! and one component is a very heavy oil. The technique can be 
extended to ternary blends. The average deviation was 9.9% for 20 ternary blends. 
Special Comment 

This procedure has been computerized and is listed as VIS25 of Chapter 16. 
Literature Source 

This procedure was developed by Twu and Bulls, Hydrocarbon Processing, 60(4), 217 (1981). 


Example 


Find the kinematic viscosity of a blend of two crude oils at 104 F. The crude oils have the following 


data: 
viscosity, viscosity, 
T,,F centistokes T., F centistokes 
component } 50 14.22 122 4.85 
component 2 50 163.40 4122 24.98 


The blend is 60% by weight component | and 40% by weight component 2. 

1, Designate component | as the light oil (subscript L) and component 2 as the heavy oil 
(subscript H). Calculate m, and b, for the light oil from the two viscosity-temperature data points and using 
Equation (11A4.5-1). 

T, = 50+459.67 =509.67R T,; = 122+459.67=58167R 
in [In (14.22 + 0.7)] = m, (in 509.67) + b;, 


In [In (4.85 + 0.7)] =m, (In 581.67) + b, 
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11A4.5 
Solving simultaneously, 
m, = -3.4474 b, = 22.4845 
Repeat for the heavy oil, 
My = -3.4206 by = 22.9525 


2. Use Equation (11A4.5-1) and b, and m, to find the temperature, T,, of the light component 


having the same viscosity as the heavy component at temperature T,. 
In [In (163.40 + 0.7)] = -3.4474 In T, + 22.4845 


T, = 423.91R 


3. Determine the temperature T, of the blend at constant viscosity (i.¢., 163.40 centistokes) using 


Equation (11A4.5-2). 
In T, = 0.6 (In 423.91) + 0.4 (in 509.67) 


T, = 456.33R 


4. Use Equation (11A4.5-1) and b,, and m,, to find the temperature, T,,, of the heavy component 


having the same viscosity as the light component at T,. 
In [In (4.85 + 0.7)] = -3.4206 In T,, + 22.9525 
Ty = 701.05 R 
5. Determine the temperature, T,, of the blend at constant viscosity (i 
Equation (11A4.5-3). 
In T, = 0.6 (In 581.67) + 0.4 (In 701.05) 
T, = 626.76 
6. Now use the blend data, 


T. 
T. 


Y 


456.33R v; 
626.76 R v, 


163.4 centistokes 
4.85 centistokes 


x 


noo 
io 


and Equation (11A4.5-1) to estimate m and b for the blend. 


In [In (163.4 + 0.7)] = m In (456.33) +b 
In [In (4.85 + 0.7)] = m In (626.75) +b 


Solving simultaneously, 


m = _ -3.4360 b = 22.6687 
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11A4.5 
7. Now use Equation (11A4.5-1) to estimate the blend viscosity at 104 F. 
In [In (v + 0.7)}= -3.4360 In (459.67 + 104) + 22.6687 
v= 11.10 centistokes 
This compares to an experimental value of 10.79 centistokes. 
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11A4.6 
PROCEDURE 11A4.6 
LIQUID VISCOSITY BLENDING OF MULTICOMPONENT MIXTURES 
OF DEFINED AND UNDEFINED COMPOUNDS 
Discussion 


11-50 


Equation (11A3.1-1) can also be used to predict the viscosity of mixtures of defined and undefined 
components. These mixtures can be multicomponent mixtures of pure hydrocarbons with petroleum fractions 
or multicomponent mixtures of petroleum fractions. 


Procedure 


Step 1: Find the liquid viscosities of the individual components at the desired temperature and 
atmospheric pressure. If experimental data is not available, Procedure 11A2.1 or Procedure 11A2.3 can be used 
to predict the viscosity of pure compounds. The viscosity of undefined mixtures (i.e. petroleum or coal fractions) 
can be predicted by Procedures 11A4.1 or 11A4.2. 

Step 2: If the mixture is at a pressure above atmospheric, the viscosity predicted in step 1 can be 
adjusted for pressure using either Procedure 11A5.1 or Procedure 11A5.5. 

Step 3: Convert the viscosity from kinematic to absolute for any components as necessary. Densities 
are given by the methods outlined in Chapter 6. 

Step 4: Convert the concentration units to mole fractions. Molecular weights and densities of pure 
compounds are given in Chapter 1. The Molecular weights of petroleum fractions are given by the methods 
outlined in Chapter 2, and the densities are given by the methods outlined in Chapter 6. 

Step 5: Obtain the viscosity of the mixture from Equation (11A3.1-1)- 


1997 


COPYRIGHT 2000 American Petroleum Institute 


Febuary 22, 


2000 143323233 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER LI-ENGL 195° MM 0732290 OSb7014 995 oy 
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COMMENTS ON PROCEDURE 11A4.6 


Purpose 


This procedure is given for estimating the liquid viscosity of multicomponent mixtures of pure 
hydrocarbons with crude oils and petroleum fractions. The procedure can also be used for multicomponent 
mixtures of petroleum fractions. 


Limitations 
All of the components must be a liquid at the temperature and pressure of interest. The viscosity of all 


components must be calculated at the same temperature and pressure. Procedure 11A7.1 may be used to correct 
for a dissolved gas. No experimental data were available to test the reliability of the method. 


Literature Source 


Equation (11A3.1-1) was adapted from Kendall and Munroe, J. Am. Chem. Soc., 39 1787 (1917). 


Example 
A. Estimate the liquid viscosity at 100 F and | atmosphere pressure of a mixture containing 20 
weight percent n-hexane, 40 weight percent of a petroleum fraction having and API gravity of 

43.6 and a mean average boiling point of 397.1 F, and 40 weight percent of a second petroleum 

fraction having an AP] gravity of 22.6 and a mean average boiling point of 828.3 F. 

1. Find the viscosities of the individual components at 100 F. For n-hexane use 
Procedure 11A2.1, 
viscosity of n-hexane = 0.2644 centipoise 
for the two petroleum fractions use Procedure 11A4.2, 
viscosity of 43.6 API fraction = 1.409 centistokes 
viscosity of 22.6 API fraction = 66.31 centistokes 

2. Convert the viscosity of the petroleum fractions from kinematic to absolute values. 
Using Procedure 6A3.5 for the 43.6 API fraction, 
density at 100 F = 49.07 Ib/f? 
correct density units to gm/cc 8 = 49.07 x 0.016018 = 0.7860 gm/cc 
absolute viscosity (cP) = Kinematic Viscosity (Cst) x Density (gm/cc) 

= 1.409 x 0.7860 
= 1.107 centipoise 
Repeating for the 22.6 API fraction, 
absolute viscosity = 59.75 centipoise 

3. Convert the concentrations from weight fraction to mole fraction. The molecular 
weight for n-hexane is given in Chapter 1. The molecular weight for the petroleum 
fractions can be calculated from the procedures of Chapter 2. 

Compound Wt Frac. MW Moles MoleFrac. 
n-hexane 0.2 86.18 0.00232 0.4021 
43.6 API Fraction 0.4 163 0.00245 0.4246 
22.6 API Fraction 0.4 400 0.00100 0.1733 
Total Moles 0.00577 1.0000 
The number of moles is obtained by dividing the weight fraction by the molecular 
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11A4.6 
weight. 
4. Use Equation (11A3.1-1) to calculate the viscosity of the mixture. 
= [(0.4021)(0.2644)'* + (0.4246)(1.107)'? + (0.1733)(59.75)'477 
= 2.60 centipoise 
11-52 1997 
COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 


Febuary 22, 2000 143° 3'235.33 


STD-API/PETRO TDB CHAPTER LI-ENGL 1992 MM O732299 OSb?016 760 


11A5.1 


PROCEDURE 1145.1 


LIQUID VISCOSITY OF LOW-MOLECULAR-WEIGHT 
HYDROCARBONS AT HIGH PRESSURE 


Discussion 


The equations in this procedure are to be used to predict the effect of pressure on the viscosity of 


pure hydrocarbon liquids. 
Bp + wp,” (11A5.1-1) 
where 
B, = reduced viscosity, p/p. 
u,°  =reduced viscosity for the simple fluid, which is a function of T, and P,, calculated by 
equation (11A5.1-1). 
u,°? = correction term for molecular acentricity, which is a sfincion of T, and P,, calculated by 
equation (1].A5.1-4) 
@ = acentric factor 
pn, = A, log P, + A, (log P,)? + A,P,+ A,P? + A, (11A5.1-2) 
7 7 . oT* 7 e,) (11A5.1-3) 
a, = 3.0294 a, = -0.0380 a, = -0.1415 a, = 0.0028 a; = 0.0107 
b, = 9.0740 b, = -7.2309 b, = 27.2842 b, = 69.4404 b, = -7.4626 
c = 0.0032 c, = 0.0229 c; = 0.0778 c, = -0.0042 c, =-85.8276 
d, = 10.9399 d, = 11.7631 d, = -4.3406 d,= 3.3586 d; = 0.1392 
e, = -0.3689 e, = 0.5781 e, = 0.0014 e, = 0.0062 e, = 87.3164 
where: 


T = temperature, in degrees Rankine 

P = pressure, in pounds per square inch absolute 

T, = critical temperature, in degrees Rankine 

P, = critical pressure, in pounds per square inch absolute 
P, = reduced pressure, P/P, 

T, = reduced temperature, T/T, 

A,, ,, b,, Cp, d,, €, = constants shown in above table 


H,?=B,P,+B,InP,+B, (11A5.1-4) 
B, = 1" + at + i,m 7, + eT, + 1) (11A3.1-5) 
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1 
For 0.45 < P, < 0.75 
'f, = -0.2462 f, = -0.3199 f, = 4.7217 
g, = 0.0484 g, = 17.0626 g, = -1.9831 
h, = 0.0 h, = 0.0 h, = 19.2008 
i, = 0.0 i, = 0.0 i, = -1.7595 
jy = -0.7275 jo = -0.0695 js = 65.5728 
k, = -0.0588 k, = 0.1267 k, = 0.6110 
i, = 0.0079 1, = -0.0101 1, =-19.1590 
For 0.75 <P, < 1.00 
f, = -0.0214 f, = -0.3588 f, = 3.7166 
g, = 0.0484 2 = 5.0537 g; = -2.5689 
h, = 0.0 h,= 0.0 h, = 52.1358 
i, = 0.0 i; = 0.0 i, = 0.3514 
j, = -0.1827 jo = -0.1321 J, =-13.0750 
k, = -0.0183 k, = 0.0204 k, = 0.6358 
1, = 0.0090 1, = -0.0075 1, =-56.6687 
If the critical viscosity of the compound is known, 
B= pB, (11A5.1-6) 


If the critical viscosity of the compound is not known but the viscosity at one reference temperature and 
pressure is known, 


wre eee (11A5.1-7) 
H,. : 


where: 
u, = reduced viscosity, y/p, 
H = viscosity in centipoises 
Lt, = critical viscosity, in centipoises 
,, = reduced viscosity at the reference temperature and pressure, p,/p. 
Li, = viscosity at a reference temperature and pressure, in centipoises 


Procedure 


Step J: Obtain the critical temperature and pressure from Chapter 1 and the acentric factor from Chapter 
2. In addition, obtain either the critical viscosity from Table 11A5.6 or a reference point value of atmospheric 
liquid viscosity from 11A2, preferably near the temperature under study. 

Step 2: Calculate the reduced temperature and pressure at which the viscosity is required. 

Step 3: Obtain the correlation terms p,© and p,"” from Equations (11A5.1-2) through (11A5.1-5), or by 
using Tables 11A5.2 and 11A4.3, an approximation of 1, and p,"? can be attained. 

Step 4: Calculate the reduced viscosity using Equation (11A5.1-1). 

Step 5: Ifa critical viscosity value is available, proceed to Step 6, otherwise proceed to Step 7. 

Step 6: Calculate the viscosity using Equation (11A5.1-2). 

Step 7: Calculate the reference reduced viscosity, p/p,. 

Step 8: Calculate the viscosity using Equation (11A5.1-3). 
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11A5.1 
COMMENTS ON PROCEDURE 1145.1 


Purpose 

Procedure 11A5.1 is to be used to predict the effect of pressure on the liquid viscosity of low- 
molecular-weight hydrocarbons. Compounds containing fewer than 20 carbon atoms are treated as low- 
molecular-weight hydrocarbons. 


Limitations 


To apply the method, either a critical viscosity or a viscosity at some known temperature and pressure 
is required. 


Reliability 

This procedure yielded an average error of 5 percent before a regression was performed to convert it to 
an equivalent format from a graphical one. The average error for the regression was slightly higher than 8 
percent. 


Literature Source 


Private communication, Graboski and Braun, The Pennsylvania State University, University Park, 
Pennsylvania, 1969. 


Examples 
A. Estimate the viscosity of n-pentane at 3000 pounds per square inch absolute and 200 F. 


1) From Chapter 1, the critical temperature is 385.7 F, the critical pressure is 488.8 pounds per 
square inch absolute, and the molecular weight is 72.15. For the condition specified, 


* ” 385.7+459 
2) From Chapter 2, w = 0.2515; from Table 11A5.6, py, = 0.0255 centipoise. 


3) From Equations (11A5.1-2) and (11A5.1-3), p,° = 5.20 and from Equations (1 1A5.1-4) and 
(11A5.1-5), yw, = 1.89. 


4) Calculate the reduced viscosity using Equation (11A5.1-1). 
BM, = 5.20 + (0.2515)(1.89) = 5.68 
5) The viscosity is calculated using Equation (11A5.1-6). 
pb = (5.68)(0.0255) = 0.145 centipoise 


The experimental value is 0.166 centipoise. 
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B. Estimate the viscosity of n-decane at 280 F and 1500 pounds per square inch absolute. The value 
at 1 atmosphere and 280 F for the viscosity n-decane is 0.2720 centipoise. 


1) From Chapter 1, the critical pressure is 306 pounds per square inch absolute and the critical 
temperature is 652.1 F. For the condition specified 


7 a -280+459.7 _ 9 ges 


* 652 .1+459.7 


2) From Equations (11A5.1-2) and (11A5.1-3), p,© = 8.04 and from Equations (11A5.1-4) and 


(11A5.1-5), p= 4.91, 
3) The reduced viscosity is then calculated using Equation (11A5.1-1) with the value w = 0.4923 


obtained from Chapter 1. 
ui, = 8.04 + (.4923)(4.91) = 10.46 


4) The conditions of 1 atmosphere and 280 F are close to saturation and the reference viscosity 
may be assumed to be the saturation value. From Equations (11A5.1-2) and (11A5.1-3), p, = 7.25 and from 
Equations (11A5.1-4) and (11A5.1-5) p= 4.15 at the saturation condition (1 atmosphere) 

5) The reduced viscosity at the reference condition is calculated using Equation (11A5.1-1). 


Hr = 7.25 + (0.4923)(4.15) = 9.29 


6) The viscosity is calculated using equation (11A5.1-7) 


p = 10.46 2:2720 _ 9 396 
9.29 
The experimental value is 0.310 centipoise. 
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Reduced 


Temperature Saturation 


0.45 
0.50 
0.55 
0.60 


0.65 
0.70 
0.75 
0.80 
0.85 


0.90 
0.95 
0.96 
0.97 
0.98 


0.99 
1.00 


16.5 

13.0 

10.5 
8.20 


6.90 
5.80 
4.80 
3.90 
3.20 


2.70 
2.10 
2.03 
1.90 
1.70 


1.50 
1.00 


Interpolation where T; = 1: 
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Temperature 


1.00 


2000 


1.10 
1.15 


1A $322.33 


TABLE 11A5.2 


REDUCED LIQUID VISCOSITY, SIMPLE FLUID TERM, p 


1.00 


17.1 

13.6 

11.1 
8.70 


2.00 


17.8 

14.2 

11.6 
9.10 


NN NNNNW wWAUA 
Sa SSSSS BSSES 


(Part of Procedure 11A5.1) 


3.00 


18.5 

14.8 

12.0 
9.50 


NN NWWWW BRAD 
ak 88288 2Ssas 


Reduced Pressure 


1.20 
1.30 


1.30 
1.47 


1.40 
1.60 


4.00 


19.1 

15.3 

12.4 
9.90 


1.50 
1.72 


Reduced Pressure 


5.00 


19.7 
15.8 
12.8 
10.3 


8.70 
7.30 
6.20 
5.20 
4.65 


4.25 
3.83 
3.75 
3.67 
3.59 
3.50 
3.42 


6.00 


20.2 
16.2 
13.2 
10.7 


9.10 
7.60 
6.50 
5.40 
4.85 


4.50 
4.08 
4.00 
3.92 
3.85 


3.78 
3.70 


7.00 


20.7 
16.6 


8.00 


21.2 
17.0 
13.8 
11.4 


9.80 
8.20 
6.90 
5.80 
3.30 


4.95 
4.47 
4.43 
4.39 
4,34 


4.29 
4.25 


10.00 


22.0 
17.6 
14.3 
11.9. 


10.4 
8.70 
7.30 
6.20 
5.70 
5.35 
5.00 
4.92 
4,84 
4.76 


4.68 
4.60 


12.00 


22.8 
18.2 
14.8 
12.4 


10.9 
9.20 
7.70 
6.60 
6.10 
5.75 
5.30 
5.22 
5.14 
5.06 


4.98 
4.90 
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Reduced - 
Temperature Saturation 1.00 


0.45 
0.50 
0.55 
0.60 


TABLE 11A5.3 


REDUCED LIQUID VISCOSITY, CORRECTION TERM, ,:‘” 
(Part of Procedure 11A5.1)} 


30.0 30.3 
20.0 20.4 
11.5 11.8 
6.70 6.80 
4.40 5.10 
3.60 3.70 
2.35 2.50 
1.65 1.50 
1.05 1.05 
0.40 0.40 
—0.10 —0.08 
—0.13 —0.05 
—0.15 —0.10 
—0.10 —0.10 
—0.15 —0.10 
0.00 0.00 


Interpolation where T, = 1: 


Reduced 
Temperature 


11-58 


1.00 


2.00 


3.00 


Reduced Pressure 


1.10 1.20 


—0.07 —0.10 


1.30 
—0.13 


1.40 
—0.17 


4.00 


—0.21 


Reduced Pressure 


5.00 


6.00 


7.00 


32.3 
23.5 


8.00 10.00 12.00 14.00 16.00 
32.5 32.9 33.1 33.4 33.7 
23.8 24.4 248 25.1 25.6 
14.3 15.0 15.3. 15.5 15.6 

7.60 7.90 8.30 8.70 9.00 

5.50 5.50 5.60 5.90 6.10 

4.10 4.20 4.20 4.10 3.90 

2.40 2.20 2.00 1.90 1.80 

1.50 1.50 1.40 1.40 1.40 

0.90 0.90 0.80 0.70 0.60 

0.00. —-0.10 -0.20 ~0.20 -—0.20 
-0.65 -0.80 -0.92 -1.14 -1.20 


—0.85 -0.98 -1.00 -1.18 -1.25 
-0.88 -1.06 -1.08 -1.23 —1.31 
-0.94 -1.15 -1.16 -1.28 1.37 


—-1.05 -1.24 -1.23 -1.33 —1.43 
—1.15  -1.32 -1.31 ~1.37 -1.48 
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TABLE 11A5.4 mee 
CRITICAL VISCOSITY DATA 
(Part of Procedure 11A5.1) 
Paraffins Critical Viscosity 
(centipoise) 

Methane 0.0140 

Ethane 0.0200 

Propane 0.0237 

n-Butane 0.0245 

2-Methylpropane (isobutane) 0.0270 

n-Pentane 0.0255 
2,2-Dimethylpropane 0.0350 

(neopentane) 

n-Hexane 0.0264 

n-Heptane 0.0273 

n-Octane 0.0282 

n-Nonane 0.0291 

n-Decane 0.0305 

n-Undecane 0.0309 

n-Dodecane 0.0315 

n-Tridecane 0.0328 

n-Tetradecane 0.0337 

n-Pentadecane 0.0348 

n-Hexadecane 0.0355 

n-Heptadecane 0.0362 

n-Octadecane 0.0370 

n-Nonadecane 0.0375 

n-Eicosane 0.0388 
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11A5.5 
PROCEDURE 11AS5.5 
LIQUID VISCOSITY OF HIGH-MOLECULAR-WEIGHT PURE AND 
MIXED HYDROCARBONS AT HIGH PRESSURE 
Discussion 


11-60 


The following equation should be used to estimate the effect of pressure on viscosity of high- 
molecular-weight pure hydrocarbons and their mixtures. 


— = —2_ (-0.0102 + 0.040422") (11A5.5-1) 
1000 


Where: 


H, = viscosity at given temperature and pressure, in centipoises. 
Lt, = viscosity at given temperature and | atmosphere, in centipoises. 
p = pressure, in pounds per square inch gage. 


Procedure 


Step 1: Obtain the atmospheric-pressure viscosity of the fluid. 

Step 2: If the oil is gas-free, go to Step 3. If the oil contains a dissolved gas, apply Procedure 
11A7.1 to obtain the viscosity of the solution at saturated conditions for the same quantity of dissolved gas. 
Compute the pressure as the difference between the desired pressure and that of the bubble point of the 
mixture. Use the viscosity of the solution at its bubble point as the reference viscosity for the calculation. 

Step 3: Apply Equation (11A5.5-1) to obtain the viscosity at the elevated pressure. 
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COMMENTS ON PROCEDURE 11A5.5 T1A5.5 

Purpose 

This procedure is presented for estimating the pressure effect on liquid viscosity of high-molecular- 
weight hydrocarbons and mixtures of hydrocarbons of undefined composition at high pressures. Compounds 
containing 20 or more carbon atoms are usually treated as high-molecular-weight hydrocarbons. 
Limitations 

The method should not be applied for pressures greater than 20,000 pounds per square inch. 
Reliability 


The average error between calculated and experimental viscosities was determined to be 9.5 percent 
for the 1279 data points evaluated. 


Literature Source 

Equation (11A5.5-1) is a modified form of the original equation presented by Kouzel, Hydrocarbon 
Process. Petrol. Refiner 44 [3] 120 (1965). New constants for Equation (11A5.5-1) were determined at The 
Pennsylvania State University using currently available data. 
Example 

Estimate the viscosity of the extract portion of a lubricating oil at 9940.0 pounds per square inch 


absolute and 120.2 F. The viscosity at 120.2 F and ] atmosphere is 52.70 centipoises. 
From Equation (11A5.5-1), 


Pe . 3807147) (9 6102 + 0.04042 (52.70) 


- $2.70 1000 


= 0.721 
HM, = 277.2 centipoises 


The experimental value is 281 centipoises. 
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11A6.1 
PROCEDURE 11A6.1 


VISCOSITY INDEX FROM KINEMATIC VISCOSITY 


Discussion 


The viscosity index is an empirical number indicating the effect of changes in temperature on the 
viscosity of an oil. A low viscosity index signifies a relatively large change of viscosity with temperature. 
This procedure was taken directly from ASTM D 2770-86. Two methods are involved: Method A applies 
only to oils having a viscosity index between 0 and 100; whereas, Method B applies to oils having a viscosity 
index greater than 100. 

Method A (for viscosity indexes of 100 or less): 


Viscose: dee i= L-U . 10 (11A6.1-1) 
L-H 
Where: 
L = viscosity at 40 C of a reference oil of 0 viscosity index and having the same viscosity at 100 
C as the oil whose viscosity index is to be calculated, in centistokes. 
U = viscosity at 40 C of the oil whose viscosity index is to be calculated, in centistokes. 
H = viscosity at 40 C of a reference oil of 100 viscosity index and having the same viscosity at 


100 C as the oi] whose viscosity index is to be calculated, in centistokes. 
If the kinematic viscosity of the oil at 100 C is below 70.0 centistokes, the values of L and H can be 
read from Table 11A6.2. If the kinematic viscosity at 100 C is above 70.0 and the viscosity index is below 
100, then the values of L and H are calculated from the following equations: 


L = 0.8353 Y? + 14.67Y - 216 (11A6. 1-2) 
H = 0.1684 ¥? + 11.85Y - 97 (11A6. 1-3) 
Where: 
Y = _ kinematic viscosity at 100 C of the oil whose viscosity index is to be calculated, in 


centistokes. 
Method B (for viscosity indexes above 100): 


gusts os 2 (antilog N) - 1 
Vi ind a areas Sa Sy “ i 
iscosity index Sais 100 .0 (11A6.1-4) 
Where: 
N = _ power required to raise the viscosity of the oil at 100 C to equal the ratio of H and U. 
w= eH - bg U (11A6.1-5) 
log Y 
Procedure 
Method A (for viscosity indexes of 100 or less): 
Step 1: If the kinematic viscosity of the oil at 100 C is less than 70.0, centistokes obtain the L and H 


from Table 11A6.2. If not, calculate L and H from Equations (11A6.1-2) and (11A6.1-3), respectively. 
Step 2: Calculate the viscosity index from Equation (11A6.1-1). 
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11A6.1 
Method B (for viscosity indexes above 100): 
Step 1: If the kinematic viscosity of the oil at 100 C is less than70.0 centistokes, obtain H from 
Tabld 11A6.2. Ifnot, calculate H from Equation (11A6.1-3). 
Step 2: Calculate N from Equation (11A6.1-5). 
Step 3: Calculate the viscosity index from Equation (11A6.1-4). 
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11A6.1 
COMMENTS ON PROCEDURE 1146.1 
Purpose 
This procedure is given for calculating the viscosity index of oils. 
Limitations 


Saybolt viscosity should not be used for calculating the viscosity index. Instead, use kinematic 
viscosity, in centistokes. (A trial-and-error solution must be used to determine whether Method A or Method 
B is valid.) Viscosity index values that are somewhat greater than 100 will not differ significantly whether 
calculated by Method A or Method B. The viscosity index should be reported to the nearest whole number. 
The viscosity index is not defined for oils with a kinematic viscosity less than 2.0 centistokes at 100 C. 


Special Comments 


The results obtained from the calculation of viscosity index from kinematic viscosities at 40 and 
100 C are virtually the same as those obtained from the former viscosity index system using kinematic 
viscosities determined at 100 and 210 F. 


Literature Source 


The procedure and tables were adapted from ASTM D 2770-86, Standard Practice for Calculating 
Viscosity Index from Kinematic Viscosity at 40 and 100 C. 


Examples 


A. Calculate the viscosity index of an oil having a kinematic viscosity of 73.30 centistokes at 40 C 
and 8.86 centistokes at 100 C. 
Assume the viscosity index to be between 0 and 100 and use Method A. 
From Table 11A6.2, L = 119.94 and H = 69.48. 
Using Equation (11A6.1-1), 
119.94 - 73.30 


Viscosity index = > 100 = 92.43 
119.94 - 69.48 


Thus, Method A was the appropriate choice. The viscosity index should reported as 92. 


B. Calculate the viscosity index of an oil whose kinematic viscosity is 5000 centistokes at 40 C and 
100 centistokes at 100 C. 

Because the change in viscosity is large, assume Method A applies. 

Using Equations (11A6.1-2) and (11A6.1-3), respectively. 


L 
H 


(0.8353)(100)? + 14.67(100) - 216 = 9604 
(0.1684)(100)? + (11.85)(100) - 97 = 2772 


Using Equation (11A6.1-1), 
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11A6.1 


Since the result is less than 100, Method A was the appropriate choice. The viscosity index should be 
reported as 67. 


C. Calculate the viscosity index of an oil whose kinematic viscosity is 22.83 centistokes at 40 C and 
5.05 centistokes at 100 C. 

Assume Method A applies. From Table 11A6.2, L= 41.1] and H = 28.98. Using Equation 
(11A6.1-1), 


waa f 41.11 - 22.83 
Viscosity imdex = 21-11 ~ 22-83 | 09 = 150.7 
41.11 - 28.98 


The viscosity index is greater than 100, so Method B must be used. 
Using Equation (11A6.1-5), 


ny = 0828.98 - log 22.83 


= 0.1473 
log 5.05 
From Equation (11A6.1-4), 
Viscosity index = 144 =! . 100 = 156.5 
0.00715 


The viscosity index should be reported as 157. 

D. Calculate the viscosity index of an oil whose kinematic viscosity is 1500 centistokes at 40 C and 
100 centistokes at 100 C. 

Assume Method B 1s appropriate. 

Using Equations (11A6.1-3) and (11A6.1-5), respectively. 


H = (0.1684)(100)° + (11.85)(100) - 97 = 2772 


w = 1082772 _- log 1500 


= 0.1334 
log 100 
Using Equation (11A6.1-4), 
Fuchs 1.360 - 1 
Viscosity index 7 —_—_ +100 = 150 3 
0.00715 


Since the result is greater than 100, Method B was the correct procedure. The viscosity index should be 
reported as 150. 
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Table 11A6.2 : 
11A6.2 


Reference Values For Viscosity Index 
(Part of Procedure 1146.1) 


680 (73.48 46.44 118 1962 105.4 7 1770 ‘ : : 
in ae eo 96 05. 168 361.7 x 23.6 6633 2944/ 39.0 1651 627.1| 665 4455 1436 
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11A7.1 


PROCEDURE 11A7.1 


LIQUID VISCOSITY OF PURE AND MIXED HYDROCARBONS 
CONTAINING DISSOLVED GASES 


Discussion 


The following equation is to be used for estimating the effect of dissolved gas on the viscosity of liquid 
hydrocarbons at 100 F and the saturation pressure: 


3 
0.294(GLR) + 137.0" + 538.4 
fees ie (11A7.1-1) 
H, —_{p?[137.0 + 0.871(GLR)] + 538.4 


Hm = viscosity of saturated liquid at 100 F and the saturation pressure, in centipoises. 
viscosity of gas-free liquid at 100 F and | atmosphere, in centipoise. 

gas-to-liquid ratio, in cubic feet of gas per barrel of liquid evaluated at 60 F and 
1 atmosphere. 

In order to apply this at temperatures other than 100 F, the following relation is to be used: 


= 
@2 
Pe 
rt 


1.209 +} 
ion cine 4 22 Ws tal os (11A7.1-2) 
t+ 139 
Where: 
Hu, = viscosity at the desired temperature, in centipoises. 
t = temperature, in degrees Fahrenheit. 
Procedure 


Step 1: Calculate the volume of gas dissolved per volume of gas-free liquid at 60 F and 1 atmosphere 
pressure. If the gas-to-liquid ratio is in cubic feet of gas per cubic foot of liquid, multiply this figure by 5.615 
to obtain the defined units for gas-to-liquid ratio, GLR. 

Step 2: Obtain the viscosity of gas-free liquid at 100 F and 1 atmosphere. If an experimental value is 
not available, Procedure 11A2.1 or Procedure 11A2.3 can be used to predict the viscosity of pure compounds. 
For petroleum fractions, Procedure 11A4.2 can be used to predict viscosity. For a defined mixture of pure 
compounds, Procedure 11A3.1 should be used to predict the viscosity. For a blend of petroleum fractions, 
Procedure 11A4.5 may be used, and Procedure 11A4.6 should be used to predict the viscosity if the blend 
contains pure components. 

Step 3: Use Equation (11A7.1-1) to calculate the viscosity at 100 F. Use Equation (11A7.1-2) to 
calculate the viscosity at temperatures other than 100 F. 
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COMMENTS ON PROCEDURE 11A7.1 


Purpose 


Procedure 11A7.1 is to be used to estimate the viscosity of a hydrocarbon liquid containing dissolved 
gases at the saturation pressure. The procedure can be used for dissolved gases that are pure components, defined 
mixtures, or undefined mixtures (i.e., natural gas). 


Limitations 


Equation (11A7.1-2) should not be used above 500 F. This correlation was developed from data on 
liquid hydrocarbons containing dissolved gases, such as N,, CO,, CH, and light hydrocarbons only. The method 
is valid for saturation pressures up to 5000 psia. The method should not be used to predict the viscosity of 
mixtures at pressures far above the bubble point pressure. 

For mixtures at pressures far above the bubble point pressure, Procedure 11A5.3 can be used to predict 
the viscosity if the bubble point pressure is at or near atmospheric pressure. If the bubble point pressure is not 
near atmospheric pressure, then the alternate computer procedure SUPERTRAPP could be used to predict the 
viscosity of the dissolved gas mixtures at pressures greatly exceeding the bubble point. 


Reliability 


The average error in viscosity calculation is approximately 15% for 227 data points. The method was 
evaluated for the light hydrocarbon gases, methane, ethane, propane, and the nonhydrocarbon gases, carbon 
dioxide, helium, and nitrogen at gas-to-liquid ratios up to 1000 cubic feet per barrel. 


Literature Source 
Private communication from Kouzel, Union Oil Co. of California, Brea, California, 1982. 
Example 


A. Estimate the viscosity of a saturated solution of methane in a paraffin oil (crystal oil) at 130 F and 
400 psia. Gas-to-liquid ratio, GLR, is 54.55 cubic feet of gas per barrel of liquid. The viscosity of the gas-free 
oil at 100 F is 28.38 centipoises. From Equation (11A7.1-1), 


He ers + 137.0(28 38)" + 538.4 } 

28 38 (28 .38)*9[137 .0 + 0.871 (54.55)] + 538.4 
= 0.6886 

Hn = 19.54 centipoises 


From Equation (11A7.1-2), 
log pu. = -1.209 + |1:209_+ log(19.54) 
: 130 + 139 


= 1.012 
H, = 10.28 centipoises 
The experimental value is 10.72 centipoises. 
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11A7.14 


B. Estimate the viscosity of a saturated solution of 30 mole percent methane and 70 mole percent n- 
decane at 100 F. The saturation pressure of the mixture is approximately 1000 psia. The density of methane 
vapor is 0.00264 Ib mol per cubic foot at 60 F and 1 atmosphere pressure. The density of n-decane liquid at 60 F 
is 0.3219 Ib mol per cubic foot. The viscosity of n-decane is 0.728 centipoise at 100 F and 1 atmosphere 
pressure. 

Calculate the gas-to-liquid ratio, GLR, 


1 


—_—__——__—__| (0.3) 
3 . 
GLR = 0.00264 Ib mol /ft = 52.3 eubic feet of gas 
1 0.7) eubic feet of liquid 
0.3219 Ib mol /ft® 


GLR = 52.3 «5.615 = 293.7 cubic feet of gas/barrel of liquid 


From Equation (11A7.1-1), 


0.728 (0.728) [137.0 + 0.871(293.7)] + 538.4 


Lt, = 0.430 centipoise 


The expernmental value is 0.518 centipoise. 
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11B1.1 
PROCEDURE 11B1.1 
CORRELATION FOR THE VAPOR VISCOSITY 
OF PURE COMPOUNDS AT LOW PRESSURE 
Discussion 


The following equation is recommended for calculating the vapor viscosity of any pure compound 
over a specific temperature range. 


_ __1000 AT? 
: e 2c 2) -  @IBLI-1) 
T # T? 
Where: 
1 = absolute viscosity of vapor, in centipoise. 
T = __ temperature, in degrees Rankine. 


A,B.C.D = correlation coefficients from Table 11B1.2. 
Procedure 
Step 1: Locate the coefficients for the desired compound in Table 11B1.2. Check to see if the 


temperature is within the specified range of the correlation. 
Step 2: Calculate the vapor viscosity from Equation (11B1.1-1). 
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COMMENTS ON PROCEDURE 11B1.1 
Purpose 


This correlation is used to calculate the vapor viscosity of pure components as a function of 
temperature. Table 11B1.2 lists coefficients for 300 pure compounds. 


Limitations 

This procedure is valid only over the specified temperature range listed in Table 11B1.2 for each pure 
component. The average error over the entire temperature range is less than 5% and generally better than 2%. 
The correlations only are valid at reduced pressures less than 0.6. 
Literature Sources 

Procedure 11B1.] was developed by the project staff at The Pennsylvania State University. 


Example 


Determine the vapor viscosity of n-hexane at 121.95 F and 14.7 psia. 


1. Convert temperature to Rankine and check to see if this temperature is contained within the range 
given in Table 11B1.2. 
T = 121.95 + 459.67 =581.62R 
This temperature is within the specified range of 320 to 1800 Rankine. 
2. Obtain the values for the coefficients A, B, C, and D from Table 11B1.2. 
A = 1.1553x 10° 
B = _ 0.70740 
C = 282.78 
D = 0.0 
3. Use Equation (11B1.1-1) and the coefficients to calculate the vapor viscosity at the specified 
temperature. 
HB = 1000 (1.1553 x 107)(581.62)°7"/[1 + 282.73/581.62] 
Hh = 7.02 x 10° centipoise 


The experimental value is 7.14 x 10° centipoise. 
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794 OXYGEN 

781 HYDROGEN 

845 WATER 

792 NITROGEN DIOXIDE 
790 NITRIC OXIDE 

791 NITROUS OXIDE 
771 AMMONIA 

777 CHLORINE 

783 HYDROGEN CHLORIDE 
786 HYDROGEN SULFIDE 
789 NITROGEN 

774 CARBON MONOXIDE 
775 CARBON DIOXIDE 
796 SULFUR DIOXIDE 
797 SULFUR TRIOXIDE 
770 AIR 


PARAFFINS 


1 METHANE 
2 ETHANE 
3 PROPANE 
4 n-BUTANE 

5 ISOBUTANE 

6 n-PENTANE 

7 1SOPENTANE 

8 NEOPENTANE 

9 n- HEXANE 

10 2-METHYLPENTANE 

411 3-METHYLPENTANE 

12 2,2-DIMETHYLBUTANE 
13. 2,3-O1METHYLBUTANE 
14 n-HEPTANE 

15 2-METHYLHEXANE 

16 3-METHYLHEXANE 

17 3-ETHYLPENTANE 

18 2,2-DIMETHYLPENTANE 
19 2,3-DIMETHYLPENTANE 
20 2,4-DIMETHYLPENTANE 
21 3,3-DIMETHYLPENTANE 
22 2,2,3-TRIMETHYLBUTANE 
23 n-OCTANE 

24 2-METHYLHEPTANE 

25 3-METHYLHEPTANE 

26 4-METHYLHEPTANE 

27 3-ETHYLHEXANE 

28 2,2-DIMETHYLHEXANE 
29 2,3-O1METHYLHEXANE 
30 2,4-DIMETHYLHEXANE 
31 2,5-DIMETHYLHEXANE 
32 3,3-DIMETHYLHEXANE 


33 3,4-DIMETHYLHEXANE 

34 2«METHYL~3-ETHYLPENTANE 
35 3-METHYL-3-ETHYLPENTANE 
36 2,2,3-TRIMETHYLPENTANE 
37 2,2,4-TRIMETHYLPENTANE 
38 2,3,3-TRIMETHYLPENTANE 
39 2,3,4-TRIMETHYLPENTANE 
40 2,2,3,3-TETRAMETHYLBUTANE 
41 n-NONANE 

42. 2-METHYLOCTANE 

43 3-METHYLOCTANE 

44 4-METHYLOCTANE 

45 3-ETHYLHEPTANE 

46 2,2-DIMETHYLHEPTANE 

47 2,6-DIMETHYLHEPTANE 


TABLE 1181.2 


COEFFICIENTS FOR 


A 
7.906E-07 
1.201E-07 
4.152€-07 
3.565E-08 
1.086E-06 
1.610€-06 
2.352E-08 
1.681E-07 
3.321E-07 


3.715E-07 
1.737E-07 
1.670E-07 
1.528E-07 
5.090E-07 
3.853E-08 
8.782E-07 
3.484E-07 
1.155E-07 
8.548 -07 
1.157E-06 
1.296E-07 
5 .035E-07 
&.100E-08 
7.768E-07 
3.264E-07 
5.050E-07 
3.202E-07 
3.6S7E-07 
1.251E-07 
7.050E-07 
1. 796E-09 
1.806E-08 
3.221£-07 
5.925E-06 
3.578E-06 
2.678E-07 
1.479E-06 
3.200E-07 
1.053E-06 
6.333E-07 
2.126E-07 
4.741E-07 
4.152E-07 
3.661E-07 
3.383E-07 
7.140E-08 
6.168E-07 
5.017E-07 
6.062E-07 
6.564E-08 
4.037E-07 
3.622E-07 
2.319E-07 
3.530E-07 
4.868E-07 
3.669E -07 
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8 
5.634E-01 
6.850E-01 
6.778E-01 
9.222E-01 
5.123E-01 
4.642E-01 
9.806E-01 
7.423E-01 
6.702E-01 
1.017E+00 
6.081E-01 
5.338E-01 
4.600E-01 
6.112E-01 
3.845E-01 
5.039E-01 


5.901E-01 
6.799E-01 
6.861E-01 
6.944E-01 
5.214E-01 
8.476E-01 
4.572E-01 
5.678E-01 
7.074E-01 
4.537E-01 
4.251E-01 
6.826E-01 
5.254E-01 
8.284E-01 
4.561E-01 
5.548E-01 
5. 148E-01 
5.674E-01 
5.446E-01 
6.761E-01 
4.817E-01 
1.222E+00 
9.292E-01 
5.535E-01 
2.145E-01 
2.726E-01 
5.744E-01 
3.847E-01 
5.616E-01 
4.216E-01 
4.783E-01 
6.021E-01 
5.177E-01 
5.252E-01 
5.514E-01 
5.509E-01 
7.460E-01 
4.931E-01 
5.142E-01 
5.026E-01 
7.730E-01 
5.195E-01 
5.315E-01 
5 .848E-01 
5.401E-01 
5.009E-01 
5.276E-01 
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PROCEDURE 1181.1 


c D 
1.733E+02  0.000E+00 
-1.06E+00 4.536E+02 
1.525E+03  -2.460E+05 
-5. 13E+02 2.461 1E+05 
2.257402 0. 000E+00 
5.503E+02  0.000E+00 
5.544E+01  0.000E+00 
1.769E+02  0.000E+00 
2.839E+02  0.000E+00 
6.703E+02  -2.08E+05 
9.848E+01  0.000E+00 
1.705E+02  0.000E+00 
5.220E+02 0.000£+00 
3.9065E+02  0.000E+00 
B.462E+02  0.000E+00_ 
1.949E402  0.000E+00 
1.903E+02  0.000E+00 
1.780E+02  0.000E+00 
3.2276+02 -2.67E+04 
4.099E+02  -4.73E+04 
4.122E+02  0.000E+00 
7.510E+01  0.000E+00 
6.527E+02  -1.61E+06 
3.832E+02 0. 000E+00 
2.828E+02  0.000E+00 
6.745E+02  0.000E+00 
8.213E+02 0. 000E+00 
1.841E+02  0.000E+00 
5.018E+02 0.000E+00 
1.544E+02 0. 000E+00 
6.476E+02 0. 000E+00 
3.791E+02 0.000E+00 
5.634E402 0. 000E+00 
4.167E402 0. DO0E+00 
4.093E+02 0. 000E+00 
1.805E+02 0. 000E+00 
6.937E+02  0.000E+00 
-2.23E+02 0.000E+00 
9.916E+01  0.000E+00 
4.000E+02  0.000E+00 
1.468E+03 0. 000E+00 
1.180E+03 0. 000E+00 
3.528E+02 0. 000E+00 
9.515E+02 0.000E+00 
4.408E+02 0. 000E+00 
7.987E+02 0. 000E+00 
6.199E+02 0. 000E+00 
2.851E+02 0.000E+00 
5.603E+02  0.000E+00 
4.585E+02 0. 000E+00 
4.923E*02 0. 000E+00 
4.027E+02 0. 000E+00 
1.303E+02 0.000E+00 
6.685E+02 0. 000E+00 
5.859E+02  0.000E+00 
6.865E+02  0.000E+00 
3.969E+02 0.000E+00 
4.837E+02  0.000E+00 
4.430E+02  0.000E+00 
3.310E+02 0.000E+00 
4.572E+02 0. Q00E+00 
5.200E+02 0.000F+00 
6.268E+02  0.000E+00 


TEMPERATURE 


RANGE, 


MIN 
98 
25 

492 

540 


198 © 


328 
352 
360 
360 
450 
114 
123 
350 
356 
536 
144 


163 
163 
154 
243 
270 
258 
204 
462 
320 
215 
198 
314 
261 
329 


MAX 
2700 
5400 
1932 
1800 
2700 
1800 
1800 
1800 
1800 

864 
3546 
2250 
2700 
1800 
1250 
3600 


1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 

963 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
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11B1.2 
TABLE 1181.2 (continued) 
TEMPERATURE 

API NAME COEFFICIENTS FOR PROCEDURE 1181.1 RANGE, 

Wo. A B c D MIN MAX 

50 2,2,5-TRIMETHYLHEXANE 1.551E-06 3.698E-01 9.311E+02 0.000E+00 301 1800 p 
53 2,4,4-TRIMETHYLHEXANE 2.224E-07 6.016E-01 3.517E+02 0.000E+00 288 1800 p 
55 3,3-DIETHYLPENTANE 2.757E-07 5.693E-01 3.571E+02 0.000E+00 755 1800 p 
56 2,2-DIMETHYL-3-ETHYLPENTANE 2.074E-07 6.173E-01 3.690E+02 O0.000E+CO 313 1800 p 
57 2,4-DIMETHYL-3-ETHYLPENTANE 2.228E-06 3.431E-01 1.283E+03 = -3..23E+04 271 1800 p 
58 2,2,3,3-TETRAMETHYLPENTANE 7 .972E-07 4.540€-01 7.198E+02 Q.000E+00 744 1800 p 
59 2,2,3,4-TETRAMETHYLPENTANE 7.864E-07 4.509E-01 6.831E+02 0.000E+00 731 1800 p 
60 2,2,4,4-TETRAMETHYLPENTANE 3.186E-07 5.488E-01 3.839E+02 0.000E+00 712 1800 p 
61 2,3,3,4-TETRAMETHYLPENTANE 2.298E-07 6.045€-01 3.870E+02 0.000E+00 308 1800 p 
62 n-DECANE 1.512E-08 9 .487E-01 1.278E+02 Q.Q00E+00 438 #1800 x 
63 2-METHYLNONANE 5.924E-07 4.636E-01 5 .690E+02 0.000E+00 357 1800 p 
64 3-METHYLNONANE 4.064 -07 5.112E-01 4.783E+02 0.000E+00 339 1800 p 
65 4-METHYLNONANE 3.301E-07 5.373E-01 4.288E+02 O.000E+00 314 1800 p 
66 5-METHYLNONANE 3.615E-07 5 .267E-01 4.541€+02 C.000E+00 334 1800 p 
67 2,7-DIMETHYLOCTANE 3.705E-08 8.274E-01 1.331E+02 0.000E+00 394 1800 op 
73 m-UNDECANE 2.111E-08 9.052E-01 2.250E+02 O0.Q00E+00 446 1800 x 
74 n-DODECANE 3.898E -08 8.287E-01 3.95 1E+02 O0.000E+00 474 1800 x 
75 n-TRIDECANE 2.098E -08 8.987E-01 2.975E+02 0.G00E+00 482 1800 x 
76 m-TETRADECANE 2.675E-08 8.684E-01 4.108E+02 = -1.41E+04 502 1800 x 
7? n-PENTADECANE 2.439E-08 8.766E-01 3.829E+02 0.000E+GO 510 1800 x 
78 n-HEXADECANE 8.102E-08 7.322E-01 7. 110E+02 1.944E+04 524 1800 x 
79 n-HEPTADECANE 2.172E-07 6.238E-01 1.246E+03 0.000E+00 531 1800 p 
80 n-OCTADECANE 2.231E-07 6. 184E-01 1.276E+03 O0.000E+00 542 1800 p 
8&1 m-NONADECANE 2.113E-07 6.222E-01 1.270E+03 0.000E+0G 549 1800 op 
82 n-EICOSANE 2.026E-07 6.246E-01 1.265E+03 0.000E+00 557 1800 op 
86 n-TETRACOSANE 1.847E-07 6.253€-01 1.260E+03 0.000E+00 583 1800 p 
90 n-OCTACOSANE 1.798E -07 6.186E-01 1.257€+03 0.000E+00 602 1800 p 

WAPHTHENES 
93 CYCLOPROPANE 1.368E-06 4.265E-01 6.666E+02 0.000E+00 262 1800 p 
101 CYCLOPENTANE 1.5898-07 6.746E-01 2.502E+02 0.000E+00 323 1800 x 
102 METHYLCYCLOPENTANE 6.788E-07 4.950E-01 6.406E+02 0.000E+00 235 1800 p 
103 ETHYLCYCLOPENTANE 1.734E-06 3.812E-01 1.040E+03 O.000E+00 242 1800 p 
104 1,1-DIMETHYLCYCLOPENTANE 4.683E-06 2.806E-01 1.598E+03 O.Q000E+00 366 1800 p 
105 cis-1,2-DIMETHYLCYCLOPENTANE 6.652E-07 4.933E-01 6.687E+02 0.000E+00 671 1800 p 
106 trans-1,2-DIMETHYLCYCLOPENTANE  1.189E-06 4.285E-01 8.624E+02 0.CO0E+00 657 1800 p 
107 cis 1,3-DIMETHYLCYCLOPENT 1.908E-06 3.800E-01 T.1735E+03 = --4.11E+04 251 1800 p 
108 trans 1,3-DIMETHYLCYCLOPE 2.998E-06 3.279€-01 1.379E+03 = -3..33£+04 251 1800 p 
109 n-PROPYLCYCLOPENTANE 2.126E-06 3.459E-01 1.054E+03 0.000E+00 280 1800 x 
110 1SOPROPYLCYCLOPENTANE 8.866E-07 4.843E-01 1.294E+03 = - 1.34E+05 291 1800 p 
111 1-METHYL - 4-ETHYLCYCLOPENTANE 2.471E-06 3.424E-01 1,362E+03 = -4.42E+04 233 1800p 
146 CYCLOHEXANE 4.140E-08 8.367E-01 6.606E+01 0.000E+00 503 1620 x 
147 METHYLCYCLOHEXANE 4.782E -07 5. 294E-01 3. S91E+02 C.Q00E+00 264 1800 p 
148 ETHYLCYCLOHEXANE 2.935E-07 5.714E-01 4.142E+02 0.000E+00 291 1800 op 
149 1, 1-DIMETHYLCYCLOHEXANE 5.832E -07 4.994E-01 6.689E+02 0.000E+00 707 #1800 p 
150 cis-1,2-DIMETHYLCYCLOHEXANE 6.353E-07 4.870E-01 7.164E+02 0.000E+00 725 1800 p 
151 trans-1,2-DIMETHYLCYCLOHEXANE 7.508E-07 4.723E-01 7.864E+02 0.000E+00 714 1800 p 
152 cis-1,3-DIMETHYLCYCLOHEXANE 9.590E -07 4.427E-01 8.516E+02 Q.000E+00 708 1800 p 
153 trans-1,3-DIMETHYLCYCLOHEXANE 1.905E-06 3.679E-01 1.215E+03 O.000E+00 716 1800 p 
154 cis-1,4-DIMETHYLCYCLOHEXANE 1.913E-06 3.675E-01 1.218E+03 0.000E+00 715 1800 op 
155 trans-1,4-DIMETHYLCYCLOHEXANE 1.097E-06 4.276E-01 9.097E+02 O0.000E+00 707 1800 p 
156 n-PROPYLCYCLOHEXANE 7.502E-07 4.542E-01 6.946E+02 0.000E+00 321 1800 p 
157 ISOPROPYLCYCLOHEXANE 4. 193E-07 5.261E-01 5 .038E+02 0.000E+00 331 1800 p 
158 n-BUTYLCYCLOHEXANE 3.9408 -07 5.209E-01 4.988E+02 O.000E+00 357 1800 1p 
168 n-DECYLCYCLOHEXANE 2.451E-07 5.448E-01 3. 731E+02 0.000E+00 489 1800 p 
179 CYCLOHEPTANE 1.041E-06 4.476E-01 &.984E+02 0.000E+00 705 1800 p 
180 CYCLOOCTANE 7.480E -07 4.699E-01 7. 155E£+02 0.000E+00 518 1800 p 
OLEFINS 
192 ETHYLENE 1.628E-06 4.163E-01 6.349E+02 0.000E+00 305 1800 x 
193 PROPYLENE 6.118E-07 5.270E-01 5.101E+02 0.000E+00 158 1800 x 
194 1-BUTENE 7.739E-07 4.896E-01 6.253E+02 0.000E+00 315 1800 x 
195 cis-2-BUTENE 8.225E-07 4. 791E-01 6.095E+02 Q.000E+00 242 1800 x 
1997 11-73 


a 
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STD-API/PETRO TDB 


2 


API 
No. 


196 
197 
198 
199 
200 
201 

202 
203 
204 
205 
206 
207 
208 
209 
210 
ran 

2t2 
213 
215 
216 
217 
218 
219 
220 
221 

222 
223 
226 
225 
226 
227 
228 
241 

242 
256 
257 
259 
261 
263 
269 
276 
277 
278 
279 
280 
281 

282 
283 
284 
285 
286 
287 
288 
289 
310 
315 
511 
512 


292 
293 
294 
295 


NAME 


trans-2-BUTENE 
ISOBUTENE 

1-PENTENE 
cis-2-PENTENE 
trans-2-PENTENE 
2-METHYL~- 1-BUTENE 
3-METHYL- 1-BUTENE 
2-METHYL-=2-BUTENE 
1-HEXENE 

cis-2-HEXENE 
trans~-2-HEXENE 
cis-3-HEXENE 
trans-3-HEXENE 
2-METHYL- 1-PENTENE 
3-METHYL-1-PENTENE 
4-METHYL~-1-PENTENE 
2-METHYL -2-PENTENE 
cis-3-METHYL -2-PENTENE 
cis-4-METHYL-2-PENTENE 
trans-4-METHYL-2-PENTENE 
2-ETHYL~1-BUTENE 
2,3-DIMETHYL- 1-BUTENE 
3,3-DIMETHYL- 1-BUTENE 
2,3-DIMETHYL-2-BUTENE 
1-HEPTENE 
cis-2-HEPTENE 
trans-2-HEPTENE 
cis-3-HEPTENE 
trans-3-HEPTENE 
2-METHYL- 1-HEXENE 
3-METHYL - 1-HEXENE 
4-METHYL - 1-HEXENE 
2-ETHYL - 1-PENTENE 
3-ETHYL- 1-PENTENE 
2,3,3° TRIMETHYL-1-BUTENE 
1-OCTENE 
trans-2-OCTENE 
trans-3-OCTENE 
trans-4-OCTENE 
2-ETHYL-1-HEXENE 
2,4,4-TRIMETHYL - 1-PENTENE 
2,4,4-TRIMETHYL -2-PENTENE 
1-NONENE 

1-DECENE 

1-UNDECENE 

1-DODECENE 

1-TRIDECENE 

1- TETRADECENE 
1-PENTADECENE 
1-HEXADECENE 
1-HEPTADECENE 
4-OCTADECENE 
1-NONADECENE 
1-EICOSENE 
CYCLOPENTENE 
CYCLOHEXENE 
CYCLOHEPTENE 
CYCLOOCTENE 


DIOLEFINS AND ACETYLENES 


1,3°BUTADIENE 
1,2-PENTADIENE 
cis-1,3-PENTADIENE 
trans-1,3-PENTADIENE 


TABLE 1181.2 (continued) 


COEFFICIENTS FOR PROCEDURE 1181.1 


A 


7. 8B8E-07 
6 .563E-06 
1.312E-06 
3. 733E-07 
3.066E-07 
4.787E-07 
1.101E-06 
3.755E-07 
1.019£-06 
8.111E-07 
4.6586 -07 
1.153E-06 
3.918E-07 
9.552E-07 
2.273E-06 
5 279-07 
5 .08SE-07 
3.119€-06 
4.617E-07 
5. 7196-07 
4.772E-07 
1.010E-06 
3.242E-07 
3.954E-07 
4.203E-07 
1. 996E-06 
4. 745E-07 
8.435E-07 
2 .644E-06 
3.830E-07 
1.845E-06 
2.413E-06 
3.071E-07 
2.633E-06 
4.309E-06 
2.660E -07 
3.906E-07 
1.175E-06 
4.246E-07 
6.078E-07 
8.349€-07 
5 .068E-07 
4 .291E-07 
4.463E-07 
3.499E-07 
3.889 -07 
5 .020€-07 
4.313E-07 
3.877E-07 
2.664E-07 
2.902E-07 
3.359£-07 
2.860E-07 
2.550E-07 
2.065E-07 
1,021E-06 
4.831E-08 
3.444E-08 


1.817E-07 
4.210€-07 
3.293E-07 
3.663E-07 


COPYRIGHT 2000 American Petroleum Institute 
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2000 


1A 32.33 


B c 
&.867E-01 6.457E+02 
2.666E-01 1. 768E+03 
4.111E-01 7.745E+02 
5.582E-01 4.025E+02 
5.840E-01 3.605E+02 
5.164E-01 4.126E+02 
4.435E-01 7.645E+02 
5.421E-01 3.497E+02 
4.322E-01 7.238E+02 
4.585E-01 6.660E+02 
5.245E-01 5 .072E+02 
4. 197E-01 8.305E+02 
5.426E-01 4.320E+02 
4.425E-01 7.263E+02 
3.570E-01 1.187E+03 
5.151E-01 5.231E+02 
5.144E-01 5.355E&+02 
3. 109E-01 1.297E+03 
5.294E-01 4.842E+02 
5.030E-01 5.389E+02 
5.238E-01 5 .281E+02 
4.394E-01 7.373E+02 
5.814E-01 3.942E+02 
5.441E-01 4.909E+02 
5.294E-01 4.808E+02 
3.508E-01 1.077E+03 
5.096E-01 4.842E+02 
4.486E-01 7. 168E+02 
3.173E-01 1.190E+03 
5.354E-01 4. 180E+02 
3.699£-01 1.079E+03 
3.480E-01 1.306&+03 
5.672E-01 3.893E+02 
3.395E-01 1,355E+03 ~ 
2.852E-01 1.579E+03 
5.730E-01 3.623E+02 
5.310E-01 4.968E+02 
4.040€-01 8.5646E+02 
5.219€-01 5. 123€+02 
4.911E-01 5.7246E+02 
4.520€-01 7.324E+02 
5.089E-01 §.755E+02 
5.079E-01 4.844E+02 
5.019E-01 5 .472E+02 
5.252E-01 4.635E+02 
5.072E-01 4.835E+02 
4.701E-01 5.585€+02 
4.839€-01 5.231E+02 
4.915E-01 4.930E+02 
5.313E-01 3.971E+02 
5. 188E-01 4.261E+02 
4.962E-01 4&.565E+02 
5.112E-01 4&.118E+02 
5.214E-01 3.865E+02 
6.499E-01 3.008E+02 
4.537E-01 8.010E+02 
8.236E-01 1.359E+02 
8.602E-01 9.839E+01 
6.715E-01 2.425E+02 
5.286E-01 3.850E+02 
5.551£-01 3.217E+02 
5.417E-01 3.427E+02 


0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0. 000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
-2.546E+04 

0.000E+00 
0.000E+00 
-3.64E+04 

0.000E+00 
0.000E+00 
-2.80E+04 

0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E&+00 
-2.03€+04 

0.000E+00 
-2. 76E+04 

-4.01E+046 

0.000E+00 
-3.80E+04 

-2.21E+04 

0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 


0. 000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
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TEMPERATURE 


RANGE, 


MIN 


302 
239 
194 
219 
239 
264 
188 
251 
240 
616 
614 
266 
288 
603 
216 
589 
613 
249 
593 
597 
608 
592 
284 


MAX 


4800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
7800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 


1800 
1800 
1800 
1800 
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uvuU x 


1997 


2000 


1997 
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STD 


APT 
No. 


296 
297 
298 
299 
300 
302 
318 
322 
323 
324 
327 
329 
330 
521 
522 
523 
527 
528 


335 
336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
356 
357 
358 
359 
360 
361 
369 
370 
371 
372 
373 
374 
375 
376 
377 
378 
379 
383 
384 
385 
386 
388 
389 
390 
395 
531 


»«API/PETRO 


WAME 


1,4-PENTADIENE 
2,3-PENTADIENE 
3-METHYL-1,2-BUTADIENE 
2-METHYL-1,3-BUTADIENE 
2,3-DIMETHYL-1,3-BUTADIENE 
1,5-HEXADIENE 
CYCLOPENTADIENE 
ACETYLENE 
METHYLACETYLENE 
DIMETHYLACETYLENE 
1-PENTYNE 
3-METHYL-1-BUTYNE 
1-HEXYNE 
1,3-CYCLOHEXADIENE 

trans, trans-2,4~-HEXADIENE 
1,5-CYCLOOCTADIENE 
2-HEXYNE 

3-HEXYNE 


AROMATICS 


BENZENE 
TOLUENE 
ETHYLBENZENE 
o-XYLENE 
m-XYLENE 
p- XYLENE 
n- PROPYLBENZENE 
ISOPROPYLBENZENE 
o- ETHYL TOLUENE 
m-ETHYLTOLUENE 
p-ETHYLTOLUENE 
1,2,3-TRIMETHYLBENZENE 
1,2,4-TRIMETHYLBENZENE 
1,3,5-TRIMETHYLBENZENE 
n-BUTYLBENZENE 
ISOBUTYL BENZENE 
sec-BUTYLBENZENE 
tert-BUTYLBENZENE 
o- CYMENE 
m-CYMENE 
p- CYMENE 
o-DIETHYLBENZENE 
m-DIETHYLBENZENE 
p-DIETHYLBENZENE 
1,2,3,5-TETRAMETHYLBENZENE 
1,2,4,5-TETRAMETHYLBENZENE 
n-PENTYLBENZENE 
n- HEXYLBENZENE 
n- HEPTYLBENZENE 
n-OCTYLBENZENE 
n-NONYLBENZENE 

n- DECYLBENZENE 
n-UNDECYLBENZENE 
n-DODECYLBENZENE 
n- TRIDECYLBENZENE 
CYCLOHEXYLBENZENE 
STYRENE 
cis-1-PROPENYLBENZENE 
trans- 1-PROPENYLBENZENE 
1-METHYL-2-ETHENYLBENZENE 
1-METHYL-3-ETHENYLBENZENE 
1-METHYL-4-ETHENYLBENZENE 
2-PHENYLBUTENE - 1 
2-ETHYL-m-XYLENE 


2000 14332233 
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11B1.2 
TABLE 1181.2 (continued) 
TEMPERATURE 
COEFFICIENTS FOR PROCEDURE 11B1.1 RANGE, 

A 8 c ie) MIN MAX Q 
3.430E-06 3.186E-01 1.414E+03 0.000E+00 538 1800 p 
2.386E-06 3.480E-01 1.187E+03 -2.91E+04 266 1800 p 
2.882E-07 §.923E-01 3.748E+02 0.000E+00 287 1800 p 
2.320E-07 6.415E-01 3.618E+02 0.000E+00 553 1800 p 
4.175E-07 5.425E-01 4.052E+02 0.000E+00 355 1800 x 
2.717E-06 3.315€-01 1.258E+03 -3..12E+04 238 1800 p 
4&.103E-07 5 .699E-01 4&.4669E+02 0.G00E+00 339 1800 p 
8.984E-07 4.952E-01 $.245E+02 O.000E+00 346 1080 x 
8.778E-07 4.787E-01 5 .688E+02 0.000E+00 307 1440 x 
1.524E-06 4.093E-01 &.869E+02 0.000E+00 434 1800 op 
2.629E-06 3.616E-01 1.366E+03 -4.42E+04 301 1800 op 
2.912E-06 3.646E-01 1.556E+03 -6.46E+046 330 1800 p 
2.796E -06 3.367E-01 1.319E+03 +3 .64E+04 254 1800 Pp 
2.577E-06 3.688E-01 1.459E+03 -5 .92E+04 290 1800 op 
4.598E-07 5.114E-01 4.327E+02 0.000E+00 411 1800 Pp 
3.280E-07 5.767E-01 4&.849E+02 0.000E+00 367 1800 p 
4.060E-07 5.337E-01 4.399E+02 0.000E+00 331 1800 p 
3.785E-07 5 .444E-01 4.266E+02 0.000E+00 306 1800 p 
1.775E-08 9.676E-01 1.422E+01 0.000E+00 $o2 1800 x 
6.S28E-07 4.940E-01 5 .828E+02 Q.000E+00 321 1800 x 
2.737E-07 5.927E-01 4.099E+02 0.000E+00 321 1800 op 
3. 164E-06 3.152E-01 1.394E+03 Q.000E+00 446 1800 p 
3.076E-07 5.749€-01 4.295€+02 0.000E+00 406 1800 p 
4.202E-07 §.382E-01 5. 166E+02 0.000E+00 516 1800 p 
1.280E-06 4.117E-01 9.850E+02 0.000E+00 312 1800 p 
3.494E-06 3.052E-01 1.584E+03 0.000E+00 319 1800 p 
3.884 -07 5.372E-01 5.306E+02 0.000E+00 789 1800 p 
1.693E-06 3.693E-01 1.129E+03 0.000E+00 320 1800 p 
4.349E -07 5.307E-01 5 .423E+02 0.000E+00 379 1800 p 
4.525€-07 5.281E-01 5.652E+02 0.000E+00 809 1800 p 
1.377E-06 3.970E-01 9. 655E+02 0.000E+00 413 1800 Pp 
5.0466 -06 2.803E-04 2.061E+03 1.426E+05 411 1800 Pp 
7.590E-07 4.632€-01 7. 790E+02 0.000E+00 334 1800 op 
3.668E-08 8.243E-01 0.000E+00 0.000E+00 399 1800 Pp 
9.427E-07 4.428E-01 8.937E+02 0.000E+00 356 1800 p 
5.412E-07 5.087E-01 6. 923E+02 0.000E+00 387 1800 p 
3.179E-07 5 .644E-01 4.885E+02 0.000E+00 492 1800 p 
1.127E-06 4,194E-01 9.196E+02 0.000E+00 807 1800 Pp 
5.659E-07 4.915E-01 6.347E+02 0.000E+00 369 1800 p 
3. 089E -08 8.411E-01 0.000€+00 0.000€+00 822 1800 p 
1.477E-06 3.819E-01 9. 947E+02 0.000E+00 341 1800 p 
3.518E-08 8.210E-01 0.000&+00 0.000E+00 415 1800 p 
4.926E-07 5 .O78E-01 5. 978E+*02 0.000£+00 449 1800 p 
2.845£ -07 5.690E-01 4. 140E+02 0.000E+00 634 1800 Pp 
3.073E-07 5 .574E-01 4.662E+02 0.000E+00 357 1800 Pp 
4.142E-07 5.109E-01 5.170E+02 0.Q00E+00 382 1800 p 
3.152€-07 5.358E-01 4.421E+02 0.000E+00 405 1800 p 
4.050£-07 4.989E-01 4.988E+02 0.000E+00 427 1800 p 
3.613£-07 5.090E-01 4.712E+02 Q.000E+00 448 1800 p 
3.432E-07 §$.106&-01 4.610E+02 0.Q00E+00 466 1800 p 
3.224E-07 5.161E-01 4.457E+02 0.000E+00 482 1800 p 
2.755E-07 §.239£-01 3.938E+02 0.000E+00 497 1800 p 
2.588E-07 §.276E-01 3.787E+02 0.000E+00 510 1800 p 
6.080E-07 4.778€-01 6.685E+02 0.000E+00 504 1800 op 
4.689E-07 5.254E-01 5.312E+02 0.000E+00 437 1800 op 
2.326 -08 8.983E-01 6.127E+01 0.000E+00 381 1800 1p 
3.038E -08 8.657E-01 1.040E+02 0.000E+00 439 1800 op 
3.496E-07 5.582E-01 4.B65E+02 0.000E+00 368 1800 p 
6.320E-07 4&.740E-01 5.859E+02 0.000E+00 336 1800 p 
4.016E-07 5.413E-01 5 .598E+02 0.000E+00 430 1800 p 
4&.525£-07 5.142E-01 5.188E+02 Q.000E+00 450 1800 p 
3.729€-06 2.904E-01 4.611E+03 0.000E+00 462 1800 p 
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2000 
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STD-API/PETRO TDB CHAPTER JL-ENGL 1992 MM 0732290 0567039 cbdé 


API 
Wo. 


532 
533 
534 
535 
536 
541 
542 
543 
544 
387 
342 


183 
184 
185 
396 
403 
404 
420 
424 
425 
427 
428 
429 
430 
436 
446 
463 
472 
473 
6764 
675 
476 
477 
478 
551 
553 
554 


746 
749 
750 
751 
861 


748 


776 
828 
831 
891 
892 


WAME 


2-ETHYL~p-XYLENE 
3-ETHYL-o-XYLENE 
4-ETHYL-m-XYLENE 
4-ETHYL-o-XYLENE 
5-ETHYL-m-XYLENE 
m-D1 1 SOPROPYLBENZENE 
p-D1 1SOPROPYLBENZENE 
ETHYNYLBENZENE 
m-DIVINYLBENZENE 
alpha-METHYLSTYRENE 
CUMENE 


DIAROMATICS AND HYDROGEN RINGS 


BICYCLOHEXYL 
cis-DECAHYDRONAPHTHALENE 
trans-DECAHYDRONAPHTHALENE 
BIPHENYL 

1, 1-DIPHENYLETHANE 
1,2-DIPHENYLE THANE 
cis-1,2-DIPHENYLETHENE 
1,2-DIPHENYLBENZENE 
1,3-DIPHENYLBENZENE 
NAPHTHALENE 
1-METHYLNAPHTHALENE 
2-METHYLNAPRTHALENE 
1-ETHYLNAPHTHALENE 
1-m-BUTYLNAPHTHALENE 
1,2,3,4-TETRAHYDRONAPRTHALEWE 
INDENE 

ACENAPHTHENE 

FLUORENE 

ANTHRACENE 

PHENANTHRENE 

PYRENE 

FLUORANTHENE 

CHRYSENE 

INDANE 
2,6-DIMETHYLNAPHTHALENE 
2, 7-DIMETHYLNAPHTHALENE 


AROMATICS AMINES 
PYRIDINE 
QUINOLINE 
DIBENZOPYRROLE 
ACRIDINE 
TSOQUINOL INE 

OTHER AMINES 

INDOLE 

SULFUR COMPOUNDS 
CARBONYL SULFIDE 


METHYL MERCAPTAN 
ETHYL MERCAPTAN 


COEFFICIENTS FOR PROCEDURE 1181.1 


A 


6.689E-07 
3.895£-07 
3.128E-06 
3.428E-07 
3.377E-07 
9.300E-07 
6.070E-07 
3.503E-08 
3.336E-07 
5 .331E-07 
3.496E-06 


8.134E-07 
5.381E-07 
4.972E-07 
1.297E-07 
3.400 -06 
6.074E-07 
6.402E-07 
4.251E-08 
4.205E-08 
4.6865 -07 
1. 797E-07 
2.428E-06 
3.315€-07 
3.007E-07 
3.651E-07 
5 .872E-07 
1.225E-06 
4.100E-07 
4.700E-08 
3.189E-07 
2.970E-07 
8.527E-07 
2.515E-07 
4.441E-06 
6.364E-07 
1.316E-06 


3.086E-08 
1.033E-06 
2.243E-08 
2.747E-08 
3.250E-08 


1.815E-08 


TABLE 1181.2 (continued) 


4.699E-01 
5.349€-01 
2.959E-01 
5.489E-01 
5.403E-01 
4.337E-01 
4.804E-01 
8.626E-01 
5.628E-01 
4.983E-01 
3.052E-01 


4.522E-01 
5. 136E-01 
5.043E-01 
7.043E-01 
2.915E-01 
4.763E-01 
4.751E-01 
8.047E-01 
8.069E-01 
5.389E-01 
6.426E-01 
3.391E-01 
5.443E-01 
5.655E-01 
5.614E-01 
4.912E-01 
4.064E-01 
5.621E-01 
7.532E-01 
3.272E-01 
5.278E-01 
4.131E-01 
§.430E-01 
2.B49E-01 
4.833£-01 
4.005E-01 


9.008E-01 
4.835E-01 
9.177E-01 
8.768E-01 
8.712E-01 


9.531E-01 


c 


6.655E+02 
5.524E+02 
1.355E+03 
4.837E+02 
4.216E+02 
&.780E+02 
7.058E+02 
1.015E+02 
4.973E+02 
5 .460E+02 
1.584E+03 


4.030E+03 
7.279E+02 
§.778E+02 
5.108E+02 © 
1.633E+03 
7.074E+02 
7.621E+02 
2.516E+02 
2.576E+02 
7 .204E+02 
4.234E+02 
1.410E+03 
4.925E+02 
5 .612E+02 
§.913E+02 
5 .836&+02 
1. 134E+03 
6.721E+02 
1.800E+00 
4.289E+02 
4.516E+02 
7.999E+02 
4.271E+02 
1. 719E+03 
7.861E+02 
1.086E+03 


1.129E+02 
1.663E+03 
1.478E+02 
1.243E+02 
1. 138E+02 


6.813E+01 


1.987E-05 2.043E-01 2.471E+03 0.Q000E+00 242 
1.043£-07 7.671E-01 1.944E+02 0.000E+00 270 
5.260E-08 8.427E-01 1.047E+02 0.000E+00 225 


THIOPHENE 7.456E-07 5.497E-01 1.025E+03 0.000E+00 423 


TETRAHYDROTH] OPHENE 


1,062E-07 7.440E-01 2.605E+02 0.000E+00 710 


1800 
1800 
1800 
1800 
1800 


vuvuDs 


TEMPERATURE 
RANGE, 

D MIN MAX 
O.000E+00 395 1800 
0.000E+00 841 1800 
0.000E+00 378 1800 
Q.000E+00 371 1800 
0.000E+00 340 1800 
0.000E+00 857 1800 
0.000E+00 871 1800 
0.000E+00 411 1800 
0.000E+00 371 1800 
0.000E+00 450 1800 
0.000E+00 319 1800 
-1.07E+05 922 1800 
0.000E+00 414 1800 
0.000E+00 437 1800 
0.000E+00 616 1800 
0.000E+00 982 1800 
0.000E+00 997 1800 
0.000E+00 496 1800 
0.000E+00 593 1800 
0.000E+00 648 1800 
0.000E+00 636 1800 
0.000E+00 437 1800 
0.000E+00 554 1800 
0.000E+00 467 1800 
0.000E+00 456 1800 
0.000E+00 427 1800 
0.000E+00 489 1800 
0.000E+00 991 1800 
- 0.000E+00 1027 1800 
0.000E+00 880 1800 
0.000E+00 670 1800 
G.000E+00 763 1800 
0.000E+00 690 1800 
0.000E+00 956 1800 
0.000E+00 399 1800 
0.000E+00 690 1800 
0.000E+00 664 1800 
0.000E+00 417 1800 
-2.20E+05 919 1800 
0.000€+00 1130 1800 
0.000E+00 690 1800 
0.000E+00 539 1800 
0.000E+00 587 1800 


vuvuvuUVVNUVVVUU 
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API NAME 
No. 


OXYGENATED COMPOUNDS 


709 METHANOL 2.036E-07 
710 ETHANOL 6.604E-08 
712 ISOPROPANOL 1.303E-07 
716 tert: BUTANOL 7.220E-07 


766 METHYL tert-BUTYL ETHER 1.002E-07 
893 tert-BUTYL ETHYL ETHER 8.043E£-08 
894 DITSOPROPYL ETHER 1.113E-07 
895 METHYL tert-PENTYL ETHER 3.153E-06 


Column Q 


X - Coefficients based on regression of experimental data 


TABLE 11B1.2 (continued) 


COEFFICIENTS FOR PROCEDURE 1181.1 


A 


6.965E-01 
8.066E-01 
7.233E-01 
4.856E-01 
7.360E-01 
7.542E-01 
7.114E-04 
3.408E-01 


3.690E+02 
9 .486E+01 
3.204E+02 
6.858E+02 
1.948E+02 
1. 795E+02 
2.232E+02 
1.738E+03 


P - Coeffiecients based on regression of predicted data 


2000 143 322.33 


c 


0.000E+00 
0.000E+00 
0. 000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
0.000E+00 
-9.23E+04 
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432 
360 
334 
538 
296 
322 
338 
288 


TEMPERATURE 


RANGE, 


MIN 


1800 
1800 
1800 
1800 
1800 
1800 
1800 
1800 
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MAX 
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11B1.3 


PROCEDURE 11B1.3 


VISCOSITY OF PURE GASES AT LOW PRESSURE 


Discussion 


The following equation is used to predict the pure component viscosity of hydrocarbon gases at low 


pressure. Separate equations are also provided for hydrogen. 


w= NE 
Where: 


— = $.4403 
For hydrocarbons, calculate N using 


N = 3.400 « 10% T,™* 


N = 1.778 x 10 (4.58T, - 1.67) 
For hydrogen, calculate viscosity, p, using 


p = 3.700 » 10% T°™* 
w= 9.071 x 107 (7.639 « 107)r - 1.67) 


Where: 
= vapor viscosity, in centipoise. 
T, = critical temperature, in degrees Rankine. 
T = temperature, in degrees Rankine. 
P. = critical pressure, in psia. 
M = _ molecular weight 
Procedure 


for T, < 1.5 
for T,> 1.5 


for T, < 1.5 
for T, > 1.5 


(11B1.3-1) 


(11B1.3-2) 


(11B1.3-3) 
(11B1.3-4) 


(11B1.3-5) 
(11B1.3-6) 


Step 1: Obtain the critical temperature, critical pressure and molecular weight from Chapter 1. 


Step 2: Calculate € using Equation (11B1.3-2). 
Step 3: Determine the reduced temperature, T,. 


Step 4: Use the appropriate equation, either (11B1.3-3) or (11B1.3-4) to calculate N. 
Step 5: Calculate the vapor viscosity using Equation (11B1.3-1). For hydrogen, omit steps | 
through 4 and use Equations (11B1.3-5) or (11B1.3-6) to calculate the viscosity. 
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11B1.3 
COMMENTS ON PROCEDURE 11B1.3 
Purpose 


Procedure 11B1.3 is used to estimate the viscosity of hydrogen and pure component hydrocarbon 
gases. 


Limitations 


This procedure should be used for reduced pressures less than 0.6. Procedure 11B4.] should be used 
for higher reduced pressures. 


Reliability 


The procedure produced an average error of 3.0% for 800 data points. The error was higher, between 
5% and 10% for n-alkanes larger than n-decane. 


Literature Source 


Equations 11B1.3-] through 11B1.3-6 are from Stiel and Thodos, AIChE J., 7(4) 611 (1961). 


Example 
A. Determine the vapor viscosity of propane at 176 F and 14.7 psia. 
1. Find the critical temperature, critical pressure and molecular weight from Chapter 1. 
T, = 206F 
P, = 616 psia 
M = 441 


2. Calculate using Equation (11B1.3-2). 
E = 5.4403 (206 + 459 .67)% 
(44 .10)*? (616 )* 
—E = 0.03344 
3. Calculate the reduced temperature T.. 
_ T _ (176 + 459.67) _ 
aes Y (206 + 459.67) 
4. Since T,< 1.5, use Equation (11B1.3-3) to calculate N. 
N = 3.400 x 10~ (0.9549 )°™ = 3.256 « 10~ 
5. Calculate the viscosity using Equation (11B1.3-1). 
N 3.256 x 10+ wins 
=— = — =- 0. 
F E 0.03344 aee enn 
The experimental value is 0.0095 centipoise. 


B. Determine the vapor viscosity of methane at 543 F and 14.7 psia. 
1. Find the critical temperature, critical pressure and molecular weight from Chapter 1. 
T, = -116.67F 
P, = 667 psia 
M = 16.04 


2. Calculate € using Equation (11B).3-2). 
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11B1.3 
E = 5.4403 (-116 .67 + 459 .67)* 
(16 .04 "(667 )* 
—E = 0.0471 
3. Calculate the reduced temperature T,. 
T, = TL _G43_+ 49-67) _ 495 
T,  (-116 67 + 459.67) 
4. Since T,> 1.5, use Equation (11B1.3-4) to calculate N. 
N = = 1.778 x 107 (4.58 (2.923) - 1.67)° 
N = = 8.279x 10" 
§. Calculate the viscosity using Equation (11B1.3-1). 
N _ 8.279x10 % _ aes 
re oaeiae 
The experimental value is 0.0181 centipoise. 
11-80 


1997 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


Information Handling Services, 


2000 


_STD-API/PETRO TDB CHAPTER JI-ENGL 199¢ MM 0732290 OSb?7O44 b25 


11B2.1 
PROCEDURE 11B2.1 
VISCOSITY OF GASEOUS MIXTURES AT LOW PRESSURE 
Discussion 
Equation (11B2.1-1) is to be used for estimating the viscosity of a gaseous mixture of defined 


composition at reduced pressures below 0.6 and at any temperature. Viscosities of the pure components are 
required at the same conditions. 


a BH, 
Ho = ey 
* “ 11B2.1-1 
fi l+ re, x, ; ( ) 
fel x. 
Jel 
py) 2M va}? 
1+]—/ eet 
a By J (11B2.1-2) 
g 


Where: 
H,, = Viscosity of mixture, in centipoises. 
i, = viscosity of component i, in centipoises. 
H, = viscosity of component J, in centipoises. 
n = number of components in the mixture. 
x; = mole fraction of component i. 
x; = mole fraction of component j. 
;, = interaction parameter for component i with respect to component j. 
M, = molecular weight of component i. 
M; = molecular weight of component j. 


This method is applicable to gas mixtures containing hydrocarbons, hydrogen, and other common 
non-polar gases. : 


Procedure 


Step 1: Obtain the molecular weight of each component from Chapter 1. 


Step 2: Obtain the viscosity of each component at the temperature of the mixture using Procedure 
11B1.1 or Procedure 11B1.3. 


Step 3: Obtain the interaction parameters from Equation (11B2.1-2). 
Step 4: Calculate the viscosity of the mixture using Equation (11B2.1-1). 
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11B2.1 


COMMENTS ON PROCEDURE 11B2.1 


Purpose 


Equation (11B2.1-1) is used to calculate the viscosity of a low-pressure gaseous mixture of defined 
composition using pure-component viscosities at the same temperature. 


Limitations 


Below reduced pressures of 0.6, Equation (11B2.1-1) should be used. At reduced pressures greater 
than 0.6, Procedure 11B4.1 should be used for adjusting the viscosity of gas mixtures. 


Reliability 


Equation (11B2.1-1) yields average deviations of about 3 percent for the 364 points evaluated. 
Evaluations showed nearly equal reliability for binary and multicomponent mixtures. The equation is 
applicable to nonpolar, nonhydrocarbon gas mixtures as well as to hydrocarbon mixtures. 


Literature Sources 


Equations (11B2.1-1) and (11B2.1-2) were given by Bromley and Wilke, Ind. Eng. Chem. 43 1641 
(1951). 


Examples 


A. Calculate the viscosity of a mixture containing 58.18 mole percent hydrogen and 41.82 mole 
percent propane at 77 F and 14.7 pounds per square inch absolute. 

From Procedure 11B1.3, the viscosity of propane is 0.00822 centipoise and, from Figure 11C1.1, the 
viscosity of hydrogen is 0.00891 centipoise. The molecular weights, M, from Chapter 1 are 2.02 for 
hydrogen and 44.10 for propane. 

From Equation (11B2.1-2) the following values for },, may be obtained where component | 
corresponds to hydrogen and component 2.corresponds to propane: 


Interaction B/D; M/M, $; 
1-2 1.09 0.046 3.59 
2-1 0.92 21.8 0.15 


For a binary system, Equation (11B2.1-2) is 


H, = B, us H, 
x, x, 
1+¢, 1+). 
*; * 
_ 0.00891 0.00822 
1+(3.59)| 24182. 1+(0.15)| 95828 
0.5818 0.4182 


= 0.0024885 + 0.0068008 = 0.009289 centipoise 


The experimental value is 0.009240 centipoise. 
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11B2.1 


B. Calculate the viscosity of a mixture at 85 F and 14.7 pounds per square inch absolute containing 
the following substances. The molecular weights and pure component viscosities are available in Chapters 1 


and 11. 
x H 
Component (mole percent) (centipoise) M 
1. Methane 95.6 0.01125 16.04 
2. Ethane 3.6 0.00950 30.07 
3. Propane 0.5 0.00840 44.10 
4. Nitrogen 0.3 0.01790 28.01 


Since there are four components, n(n-1) = 4(3) = 12 interaction parameters are necessary. 


Interaction 
(ij) B/p, M/M; 9; o;(x/x) ZO,(x/x,) 
1-2 1.18 0.53 1.48 0.056 
1-3 1.34 0.36 1.88 0.010 0.069 
1-4 0.63 0.57 1.03 0.003 
2-1 0.84 1.87 0.66 17.53 
2-3 1.13 0.68 1.29 0.18 17.77 
2-4 0.53 1.07 0.72 0.06 
3-1 0.75 2.75 0.51 97.5) 
3-2 0.88 1.47 0.77 5.54 103.39 
3-4 0.47 1.57 0.57 0.34 
4-1 1.59 1.75 0.94 299.54 
4-2 1.88 0.93 1.48 17.76 320.50 
4.3 2.13 0.64 1,92 3.20 


The viscosity of the mixture may be calculated using Equation (11B2.1-1) 


_ 0.01125 $ 0.00950 + 2:00840 , _2:01790 


= — 1+0.069 1+17.77 1+103 39 1+320 .50 


= 0.01117 centipoise 


The experimental value is 0.1120 centipoise. 
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11B3.1 
PROCEDURE 11B3.1 
VISCOSITY OF GASEOUS UNDEFINED 
MIXTURES AT LOW PRESSURE 
Discussion 


Equation (11B3.1-1) should be used to calculate the viscosities of gaseous hydrocarbon mixtures of 
undefined composition at reduced pressures not greater than 0.6. 


p= A+ T (B - CMW) + Dx MW 


(11B3.1-1) 


where: 


pt = absolute viscosity of the mixture, in centipoise 
A= -0.0092696 

B=0.0010310 

C = 4.4507 x 10° 

D= 1.1249 x 10° 

T = temperature in degrees Rankine 

MW = molecular weight 


Procedure 


Step 1: Obtain the molecular weight of the hydrocarbon from experimental data or by using 


procedures outlined in Chapter 2. 
Step 2: Using the molecular weight from Step 1 and the temperature of the mixture, calculate the 


absolute viscosity using Equation (11B3.1-1). 
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11B3.1 


COMMENTS ON PROCEDURE 11B3.1 
Purpose 


Procedure 11B3.1 is to be used to estimate the viscosities of gaseous hydrocarbon mixtures of 
undefined composition at reduced pressures not exceeding 0.6. 


Limitations 

This procedure should be used only if the required data are not available to use Procedure 11B2.1. 
Reliability 

An average error of 6 percent and a maximum error of 22 percent were observed using Equation 
11B3.1-1 on all available viscosity data. The correlation was developed for paraffin vapors. The errors 
varied greatly between different compounds. However, for general use, a minimum average error of 6 percent 
should be expected. 
Special Comments 

If the molecular weight of the mixture is not known, it can be roughly estimated. The uncertainty 
introduced by the estimation will be overshadowed by the uncertainty of the method. 

The procedure can be used for hydrogen-hydrocarbon mixtures with average molecular weights 
greater than 16. For molecular weights less than 16, use Procedure 11B2.1. 

The effect of pressure on the viscosity of mixture of undefined composition may be obtained by 
estimating T, and P, from the methods given in Chapter 4 and then using Procedure 11B4_1. 
Literature Source 

This Procedure was adapted from Bircher and Katz, Trans AIME 155 246 (1944). 
Example 


Estimate the viscosity of a mixture at 100 F with a molecular weight of 250. 


By using Equation (11B3.1-1) 


H = -0.0092696 + (100 +459 .67(0.0010310 - 4.4507 x 10/250) + 1.1249 x 10% x 250 


H = 0.1019 centipoise 
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11B4.1 
PROCEDURE 11B4.1 
VISCOSITY OF PURE HYDROCARBON GASES 
AND THEIR GASEOUS MIXTURES AT HIGH PRESSURE 
Discussion 


Equation (11B4.1-1) is to be used for estimating the effect of pressure on gas viscosity. The 
equation may be applied at all pressures above the critical temperature. Below the critical temperature, the 
pressure must be less than the saturation pressure. 


Ge - WE = 10.8 x 104exp{1.439p.) - exp-1.11p"*} (11B4.1-1) 
| | 
& = 5.440 = (11B4.1-2) 
M p28 
Where: 

rv = viscosity, in centipoises. 
Hy = viscosity at low pressure, in centipoises. 
p, = reduced density, p/p,. 
p = density, in pounds per cubic foot. 
P, = critical density, 1/V,, in pounds per cubic foot. 
V. _- critical volume, in cubic feet per pound. 
ce = critical temperature, in degrees Rankine. 
M = molecular weight 
P, = critical pressure, in pounds per square inch absolute. 


For a mixture, the pseudocritical temperature, pseudocritical pressure, and mixture molecular weight 
are necessary. The following are summaries of the definition: 


r. x7, (11B4.1-3) 
fl 
Where: 
ae = pseudocritical temperature, in degrees Rankine. 
n = number of components in the mixture. 
X; = mole fraction of component i. 
T,, = critical temperature of component i, in degrees Rankine. 
Pre = D*P a (11B4.1-4) 
ro | 
Where: 
Pre = pseudocritical pressure, in pounds per square inch absolute. 
Poi = critical pressure of component 1. 
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11B4.1 


M, = ry =M, 
il 
Where: 
M, = molecular weight of mixture. 
M; = molecular weight of component i. 
Procedure 


Step 1: Obtain the critical temperatures, critical pressures, critical volumes, and molecular weights 
from Chapter 1. Obtain the viscosity of the gas components at low pressure from Procedure 1 1B1.1, or 
Procedure 11B1.3 may also be used to predict the pure component viscosity. 

For a pure compounds, proceed to Step 2; for a mixture, proceed to Step 4. 

Step 2: Calculate the value of & using Equation (11B4.1-2). 

Step 3: Obtain the density of the gas from the procedures of Chapter 6 and calculate the reduced 
density from this and from the critical volume obtained in Step 1. Proceed to Step 8. 

Step 4: Calculate the low-pressure viscosity of the mixture using Procedure 11B2.1. 

Step 5: Calculate the pseudocritical temperature and pseudocritical pressure using Equations 
(11B4.1-3) and (11B4.1-4) and the molecular weight using Equation (11B4.1-5). 

Step 6: Calculate the Value of & using Equation (11B4.1-2) with these pseudocritical values and the 
molecular weight. 

Step 7: Calculate the density of the gas at the critical point and at the temperature and pressure of 
the gas mixture using the procedures of Chapter 6. Calculate the reduced density. 

Step 8: Calculate the viscosity of the gas using Equation (11B4.1-1). 
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11B4.1 
COMMENTS ON PROCEDURE 11B4.1 


Purpose 


This procedure is presented for estimating the viscosities of gases and gas mixtures at high pressures 
(reduced pressures greater than 0.6) using the low-pressure viscosity as calculated from the preceding 
methods for the base value. 


Limitations 


The procédure should not be applied to nonhydrocarbon gases (O,, N, CO,, etc.). 
The equation may be applied at all pressures above the critical temperature. Below the critical 
temperature it may be applied up to the saturation pressure. 


Reliability 


Errors between calculated and experimental viscosities are about 5.3 percent using the method. 
Nonhydrocarbons show larger average deviations ( 9 percent). If experimental densities are used, the error 
can be expected to be reduced by about 0.5 percent. The method has approximately the same accuracy for 
mixtures as for pure compounds provided the molecular weight range 1s narrow. 


Literature Sources 


The forms of Equation (11B4.1-1) and (11B4. 1-2) were originally suggested by Eakin and Ellington, 
J. Petrol. Technol. 15 [2] 210 (1963) [Eakin, Ph.D. dissertation, Ilinois Institute of Technology, Chicago, 
Illinois (1962)] and were modified by Jossi et al., AIChE Journal 8 59 (1962). The final form of Equation 
(11B4.1-1) and its application to mixtures was given by Dean and Stiel, AIChE Journal 11 526 (1965). 


Example 


Calculate the viscosity of a mixture containing 60 mole percent methane and 40 mole percent 
propane at 1500 pounds per square inch absolute and 257 F. 

From Procedure 11B2.1, the viscosity of the mixture at 1 atmosphere is calculated to be 0.0123 
centipoise. 

From Chapter 1, the critical pressures, critical temperatures, and molecular weights are obtained. 


Critical Pressure 


(pounds per Critical Temperature Molecular 
Component square inch absolute) (F) Weight 
Methane 667.04 -116.66 16.04 
Propane 616.13 206.02 44.10 


Hence, the pseudocritical properties and molecular weight of the mixture are as follows: 
T,. = (0.60)(459.7 - 116.66) + (0.40)(459.7 + 206.02) = 472.09 R 


P,. = (0.60)(667.04) + (0.40)(616.13) = 646.68 pounds per square inch absolute 
M,, = (0.60)(16.04) + (0.40)(44.10) = 27.264 
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11B4.1 


Using Equation (11B4.1-2), 


5.440 x (472.09) 
(27.264 91647 7) 


-~ =. 


= 0.0388 


From Chapter 6, the reduced density is calculated. 
p, = 9.5283 
Using Equation (11B4.1-1), 
(w - HE = 10.8 x 10°{exp[(1.439)(0.5283)] - exp[-1.11(0.5283)' #*}} 
= 1.5405 x 10° 
(w-p,) =3.970 x 10° centipoise 
Given that p, is 0.0123 centipoise, 


p= 0.01627 centipoise 


The experimental value is 0.01670 centipoise. 
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FIGURE 11C1.! 
ABSOLUTE VISCOSITY 
OF HYOROGEN 


Pp = 1.298 Mpa 
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1101.1 
COMMENTS ON FIGURE 11C1.1 

Purpose 

Figure 11C1.1 is to be used to estimate the viscosity of gaseous and liquid hydrogen. 
Limitations 

At temperatures above 5000 F, hydrogen dissociates into atomic hydrogen. Figure 11C1.1 
does not make a correction for this change in structure. Also, the figure is based on a limited 
amount of experimental high-pressure data. 
Reliability 

An average error of 3 percent can be expected at atmospheric pressure with increasing 
errors as the pressure increases. 
Literature Source 

The figure was taken from Stiel and Thodos, Ind. Eng. Chem. Fundamentals 2 233 (1963). 
Example 

Estimate the viscosity of hydrogen at 570 F and 14.7 pounds per square inch absolute. 

From Figure 11C1.1, the critical temperature of hydrogen is 59.9 R and the critical pressure 
is 188.2 pounds per square inch absolute. 

— 570 + 459.7 _ 1029.7 _ 
ES 9 59.9 = 1789 
14.7 
pr T8S.> = 0.078 
From Figure 11C1.1, the viscosity is estimated to be 0.0135 centipoise. 
The experimental value is 0.0138 centipoise. 
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1101.2 
PROCEDURE 11C1.2 
VISCOSITY OF GASEOUS NONHYDROCARBONS 
AT HIGH PRESSURE 

Discussion 

Equations (11C1.2-1) and (11C1.2-2) should be used to calculate the viscosity of gaseous 
nonhydrocarbons at high pressure. 

Wy, fe A, bP,’) Bi Af,’ * mP," t pP,') (11C1.2-1) 
A,= 7" + 67." + er? + 9) (11C1.2-2) 
a, = 83.8970 a.= 15140 h 1.5071 
b, = 0.0105 b, =-11.3036 j = -0.4487 
c, = 0.6030 c, = 0.3018 k = 11.4789 
d, = -0.0822 d, = -0.6856 1 = 0.2606 
e, = 0.9017 e, = 2.0636 m =-12.6843 
f, = -0.1200 f, = -2.7611 n = 0.1773 
g, =-85.3080 22 0 p = 1.6953 
q = -0.1052 

where: 

p/p, = viscosity ratio 

rm = viscosity at T and P, in centipoises 

He = viscosity at T and 1 atmosphere of pressure, in centipoises 

T = temperature, in degrees Rankine 

T, = cnitical temperature, in degrees Rankine 

T, = reduced temperature = T/T, 


= pressure, in pounds per square inch absolute 

= critical pressure, in pounds per square inch absolute 
= reduced pressure = P/P, 

A,, A,...Q = constants as defined in above table 


Once the viscosity ratio is calculated, the viscosity for the gaseous nonhvdrocarbon can be calculated 
using Equation (11C1.2-3). 


H = (u/p,) * H, (11C1.2-3) 
where: 
rt = viscosity at T and P, in centipoises 
p/t, = viscosity ratio 
By = viscosity at T and 1 atmosphere of pressure, in centipoises 
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1101.2 


Procedure 


Step 1: Calculate values for the reduced temperature and reduced pressure for the gaseous non- 
hydrocarbon using methods outlined in Chapter 4. 

Step 2: Using the values for T, and P, from Step 1, calculate the viscosity ratio using Equations 
(11C1.2-1) and (11C1.2-2). 

Step 3: Calculate the viscosity of the nonhydrocarbon by using Equation (11C1.2-3). 
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1101.2 


COMMENTS ON PROCEDURE 11C1.2 


Purpose 


Procedure 11C1.2 is presented for estimating the viscosities of gaseous nonhydrocarbons at high 
pressures (P, > 0.6) using low-pressure input viscosities from the preceding methods. Procedure 11B4.1 is 
not recommended for hydrocarbons, although this method is also applicable as shown by example B. 


Reliability 


Procedure 111.2 yielded an average error of 4.4 percent before a regression was performed. The 
average error for the regression was slightly higher than 7 percent. 


Special Comment 


For pressures below the lower hmit of Procedure 11C1.2 (i.e. P, < 0.6), the gas may be assumed to be 
ideal and the preceding methods outlined in Chapter 11 may be used without correcting for the pressure. 


Literature Source 


Procedure 11C1.2 was adapted from a figure from Carr, et al., Chem. Eng. Prog. Symp. Ser. No. 16 
$1 91 (1955). 


Examples 
A. Calculate the viscosity of nitrogen at -58.0 F and 1677.0 pounds per square inch absolute. 
1) From Figure 11C1.2, the viscosity of nitrogen at 1 atmosphere and -58.0 F is 
0.0144 centipoise. 
2) From Chapter 1, for nitrogen 
P, = 493.1 pounds per square inch absolute 
T, = -232.5 F 


For the conditions given, the reduced temperature and pressure are as follows: 


T = 38 .0+459 .7 = 1.767 


"  -232 5 +459.7 


3) Using the reduced conditions and Equations (11C1.2-1) and (11C1.2-2), the 
viscosity ration, 1/p,, is found to be 1.41. 


4) Using Equation (11C1.2-3), the viscosity at the desired temperature and pressure is 


= (+] H,= (1.41)(0.0144 ) 
B 
= 0.0203 centipoise 
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11C1.2 
The experimental value is 0.01869 centipoise. 
B. Calculate the viscosity of a mixture containing 60 mole percent methane and 40 mole 
percent propane at 1500 pounds per square inch absolute and 257 F. 
1) From Procedure 11B2.1, the viscosity at the mixture at 1 atmosphere is calculated 
to be 0.0123 centipoise. 
2) From Chapter 1, the critical pressures and temperature are obtained. 
Critical Pressure 
(pounds per Critical Temperature 
Component square inch absolute) (F) 
Methane 667.8 -116.6 
Propane 616.3 206.0 
= 1500 = 2.32 
"(0.60 )(667 .8)+(0.40 )(616 .3) 
257 +459.7 snes 
" (0.60 )(- 116 .6 +459 .7) + (0.40)(206 .0+459.7) 
3) Using the reduced conditions and Equations (11C1.2-1) and (1 1C1.2-2), the 
viscosity ratio, /p,, is found to be 1.41. 
4) Using Equation (11C1.2-3), the viscosity at the desired temperature and pressure is 
H= p/p, * w, = (1.41)(0.0123) = 0.0173 centipoise 
The experimental value is 0.0167 centipoise. 
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PREFACE 


During the past three years, the Technical Data Book - Petroleum Refining project staff in 
the Department of Chemical Engineering at The Pennsylvania State University has revised and 
expanded Chapter 12, "Thermal Conductivity," with new data and correlations. Available methods 
for predicting thermal conductivities of liquid and gaseous hydrocarbons and their mixtures were 
tested before selecting a recommended method in each category. Detailed results of the evaluations 
are given in Documentation Report No. 12-96, available from Global Engineering Documents. 

Work on this chapter was primarily conducted by R. Roberta Wu under the supervision of the 
project director, Thomas E. Daubert. The chapter coordinator for the Technical Data Committee is 
Costa Tsonopoulos of Exxon Research & Engineering Co. 


Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

August 1996 
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CHAPTER 12 
THERMAL CONDUCTIVITY 
12-0 INTRODUCTION 


Thermal conductivity is that physical property which describes the ease with which heat can 
flow by conduction through a quiescent solid, liquid, or gaseous layer of a substance. It is defined 
as the proportionality constant, k, in, Fourier's law of heat conduction, in Btu per (hr)(sq ft)(deg F) 
per ft. The variation of thermal conductivity for different temperatures, pressures, chemical 
compositions, and physical states may be viewed in a general and simplified manner by considering 
the orderliness of the substance. For a single chemical compound, the order and, hence, thermal 
conductivity increases in the sequence: vapor, liquid, amorphous solid, crystal. Although this is 
largely true for intersubstance comparisons also, there are exceptions. For instance, gaseous 
hydrogen has a higher thermal conductivity than does liquid benzene, and water has a higher thermal 
conductivity than does wood. 

The thermal conductivity of most liquids decreases with increasing temperature. This is 
primarily a function of density(and order); however, the velocity of sound likewise decreases with 
temperature for organic liquids. For some liquids, the velocity of sound increases with temperature. 
This effect may overshadow the effect of density, resulting in a rise in conductivity with a rise in 
temperature. For water, the conductivity first rises to a maximum and then falls with increasing 
temperature. 

Inasmuch as a low-pressure gas is almost completely disordered, decreasing order with 
increasing temperature is not a strong factor. The thermal conductivity of such a gas is instead a 
strong function of viscosity and heat capacity at constant volume. Accordingly, it increases with 
temperature as do these two properties. 

The thermal conductivity of ail nonmetallic materials increases with pressure (and order). A 
detailed treatment of various pressure regions is not as simple as a mere density function might 
indicate. At higher pressure, anomalies appear in the temperature function. 

By disturbing the order of a material, impurities have disproportionate effects in reducing 
conductivities. Accordingly, hydrocarbon liquid and gas mixtures do not usually obey simple mixing 
rules. 

Thermal conductivities of substances are required in correlations and design methods for heat 
transfer operations. The thermal conductivity may be used directly or in dimensionless numbers such 
as the Prandtl, Nusselt, and Graetz numbers. Unfortunately, some of the design correlations involving 
these dimensionless numbers were based on questionable experimental data. The user should be 
aware of this when designing for crucial service. 

In this chapter, means are provided for estimating the required thermal conductivities in the 
liquid and gas phases for pure and mixed hydrocarbons and for nonhydrocarbon gases. When 
considering the use of new thermal conductivity data versus the use of recommended correlations, 
vapor-phase data obtained by a conscientious investigator almost always are reliable; whereas liquid 
data obtained before the introduction of transient measurement techniques may very well be in 
considerable error. Experimental problems with simultaneous convective heat transfer have a much 
stronger effect on the results for liquids than on those for vapors. 

The various methods for determining the thermal conductivity of hydrocarbons and their 
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mixtures are listed in Table 12-0.1 and Figure 12-0.2. 
Liquid Systems 


The thermal conductivities of liquids are independent of pressure (relative to the accuracy of 
existing data and correlations) below approximately 500 pounds per square inch absolute and 
decrease linearly as temperature increases from the freezing point to the normal boiling point. This 
linearity is believed to continue to a reduced temperature of approximately 0.8, where thermal 
conductivity begins to decrease more rapidly as the critical point is approached (159). Data for the 
conductivities at the freezing and normal boiling points, which were selected on the basis of reliability, 
are given in Procedure 12A1.1. A value at an intermediate temperature may be obtained by linear 
interpolation. 

Procedure 12A1.2 provides a general but slightly less accurate method for calculating the 
thermal conductivity of pure hydrocarbons below a pressure of 500 pounds per square inch absolute 
and a reduced temperature of 0.8. Procedure 12A1.3 can be used to obtain the thermal conductivity 
of liquid hydrocarbons at the higher reduced temperatures and at any pressure. 

For mixtures of known composition at any temperature and pressure, Procedure 12A2.1 
includes a mixing rule involving conductivities of the pure components at the same conditions. 
Procedure 12A3.1 allows estimation of low-pressure thermal conductivities of undefined liquid 
hydrocarbons and should be used only when Procedure 12A2.1 or Procedure 12A3.2 cannot be 
applied. Procedure 12A3.2 calculates the low-pressure thermal conductivities of characterized 
undefined liquid hydrocarbons and gives better accuracy than Procedure 12A3.1. Procedure 12A3.3 
allows estimation of low-pressure thermal conductivities of petroleum fractions blended with defined 
light hydrocarbon liquid mixtures. Procedure 12A4.1 is a correction for obtaining high-pressure 
conductivities from the previously obtained low-pressure values. 


Gaseous Systems 


The thermal conductivity of an ideal gas is independent of pressure. Pure-component vapor 
thermal conductivities can be calculated analytically as a function of temperature by using Procedure 
12B1.1. When required data are unavailable, Procedure 12B1.2 should be used to estimate ideal gas 
thermal conductivity values for pure components. 

For mixtures of known composition, the thermal conductivities of the pure components 
should be blended at the desired conditions as outlined in Procedure 12B2.1. Procedure 12B3.1 
provides a means of estimating the ideal gas thermal conductivity of undefined hydrocarbon mixtures. 
Procedure 12B4.1 is a correction to be applied to the ideal gas thermal conductivity estimates from 
the earlier correlations for the effect of high pressure. 

The thermal conductivity of pure gaseous hydrogen is given in Procedure 12C1.4. For 
defined mixtures of hydrogen with hydrocarbons, use the given mixing rules and Procedure 12A2.1 
for liquids or Procedure 12B2.1 for gases. For mixtures of hydrogen with petroleum fractions, use 
these same mixing rules, treating the entire hydrocarbon portion as a pseudocomponent. The 
hydrocarbon input data are available from Procedure 12A3.1 for liquids or Procedure 12B3.1 for 
vapors, and the pressure correction (where necessary) should be applied before blending. 

Thermal conductivities of other pure nonhydrocarbon gases are obtained by Procedure 12C1.1 
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through Procedure 12C1.3, Procedure 12C1.5, Fig. 12C1.6, Procedure 12C1.7, Figures 12C1.8 and 
12C1.9, and Procedures 12C1.10 and 12C1.11. The same procedures that apply to hydrogen should 
be appropriate for these gases. 


Commercial Computer Methods for Liquid and Vapor Thermal Conductivities 


The SUPERTRAPP software package developed at and available from NIST (National 
Institute of Standards and Technology) is a commercially available software package. The method 
is based on corresponding states principles. It is capable of predicting the thermal conductivity of 
nonpolar pure fluids and mixtures over the temperature range of 40 - 1800 Rankine and the pressure 
range of 0 - 43500 psia. The available SUPERTRAPP database contains 116 compounds although 
new compounds may be added to the database. The absolute minimum information required for a 
new compound is the critical temperature, pressure, and volume, the molecular weight, and the 
normal boiling point; liquid density and vapor pressure data could also be added to improve the 
accuracy of the method. The main advantage of this commercial software is its ability to handle fluids 
over wide temperature and pressure ranges in one method. 

Another software package for the prediction of thermal conductivity of liquid petroleum 
fractions is under development at NIST. 
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12-0.1 


TABLE 12-0.1 - THERMAL CONDUCTIVITY OF HYDROCARBONS 


Hydrocarbons Pressure (psia) 


Pure Liquids 


Known Liquid 
Mixtures 


Liquid Petroleum 
Fractions 


Liquid Petroleum 
Fraction Blended 
With Light Liquid 


Hydrocarbon Mixture 


Pure Gases 


Known Gas Mixtures 


Petroleum 
Fraction Vapors 


<S00 
<S00 


<500 
2500 


All 


All 


All 


All 


<50 


Temperature” 


T, to T, 


Method 


Procedure 12A1.1 


0.25<T,<0.8 Procedure 12A1.2 


0.8<T,<1.0 Procedure 12A1.3 


T,<1.0 


All 


-58 to 752 F 


-58 to 752 F 


-58 to 752 F 


As shown 
All 


All 


All 


-60 to 600F 


Procedure 12A4.1 


Procedure 12A2.1 


Procedure 12A3.1 


Procedure 12A3.2 


Procedure 12A3.3 


Procedure 12B1.1 
Procedure 12B1.2 


Procedure 12B4.1 


Procedure 12B2.1 


Procedure 12B3.1 


Notes 


Use only when Procedure 12A1.1 
inapplicable 


Input from Procedures 12A1.1 or 
12A1.2 
Input from methods above, 


not Proceudre 12A3.1 


Used only for non- 
characterized fractions. For pressures 
greater than 500 psia, apply Procedure 
12A4.1 to correct the pressure 


Used only for characterized fractions. 


For pressures greater than 500 psia, 
apply Procedure 12A4.1 to correct 
the pressure 

For pressures greater than S00 

psia, apply Procedure 12A4.1 to 
correct the pressure 


Use only when Procedure 12B1.1 
does not apply 
Input from above 


For pressures greater than 50 psia, 
apply Procedure 12B4.1 to correct 
the pressure 


For pressures greater than 
50 psia, apply Procedure 12B4.1 to 
correct the pressure 


“T =freezing point, T,=normal boiling point, T,=reduced temperature (T/T); T= temperature; 


and T,=critical temperature. 


Figure 12-0.2 Hydrocarbon Thermal Conductivity Calculation Procedure 
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12-0.2 


FIGURE 12-0.2 Liquid Hydrocarbon Therma! Conductivity Calculational Procedure 
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FIGURE 12-0.3 Gaseous Hydrocarbon Thermal Conductivity Calculational Procedure 


Sec FIGURE 12-0.2 
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12A1.1 


12A THERMAL CONDUCTIVITY OF LIQUID HYDROCARBON SYSTEMS 
PROCEDURE 12A1.1 


THERMAL CONDUCTIVITY OF PURE LIQUID HYDROCARBONS AT 
LOW PRESSURES AND BELOW THE NORMAL BOILING POINT 


Discussion 

The thermal conductivities of liquid hydrocarbons decrease linearly with increasing temperature 
from the freezing point to the normal boiling point and, in some cases, beyond. Where the data are 
known at these two extremes, the thermal conductivity can be calculated by linear interpolation. The 
available data are tabulated below: 


Thermal Thermal 
Conductivity Normal Conductivity 
Freezing at Freezing Boiling at Normal 

Point" Point? Point’ Boiling Point‘ 

-296.42 0.1298 -258.68 0.1088 
-305.82 0.1231 43.67 0.07448 
-216.92 0.1080 31.10 0.06796 
-255.30 0.09427 10.90 0.06298 
+201.51 0.1030 96.93 0.06274 
-139.58 0.09375 155.71 0.06022 
2-Methylpentane.. -244.48 0.09243 140.47 0.05775 
3-Methyipentane...... -261,22 0.09507 145.89 0.05837 
2.2-Dimethylbutane. = -145.97 0.07773 121.51 0.05486 
2,3-Dimethylbutane...........0...0000. -198.33 0.08214 136.36 0.05595 
-133.04 0.09235 209.17 0.05923 
-182.63 0.07807 176.89 0.05190 
-70.19 0.08780 258.22 0.05669 
-161.27 0.07420 210.63 0.04709 
64.28 0.08734 303.48 0.05614 
“158.37 0.07403 255.36 : 0.04749 
-21.35 0.08411 345.48 0.05464 
-14.04 0.08438 384.67 0.05372 
14.75 0.08293 421.38 0.05254 
22.30 0.08324 455.84 0.05174 
42.55 0.08219 483.44 0.05096 
49.86 0.08355 519,23 0.05051 
64.68 0.08308 $48.36 0.04902 
71.57 0.08322 575.87 0.04733 
82.69 0.08435 602.08 0.04677 
89.40 0.08395 625.82 0.04604 
97.57 0.08598 650.80 0.04629 
104.36 0.08658 673.70 0.04616 
111.20 0.08740 695.48 0.04674 
117.50 0.08756 716.36 0.04684 
123.08 0.08840 736.34 0.04731 
-136.91 0.09153 120.65 0.06922 
Methylcyclopentane....... -224.36 0.09272 161.26 0.06185 
Cyclohexane............. vf 43.77 0.07407 177.30 0.06332 
Methylcyclohexane......... cc ~195.83 0.08372 213.68 0.05402 

1997 12-7 


Na a 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 TAs 3235.33 


STD-API/PETRO TDB CHAPTER 12-ENGL 1992 MM 0732290 OSb7080 bbb - 


12A1.1 
Thermal Thermal 
Conductivity Normal Conductivity 
Freezing at Freezing Boiling at Normal 
Point* Point” Point‘ Boiling Point* 
2-Methylpropene.....cc..-seesssssnee- -220.61 0.1083 19.58 0.06773 
1-Hexene........ ans -219.57 0.1024 146.26 0.06205 
TraNS-2-HEXENEC........---recseccsceessces -207.36 0.09564 1$4.17 0.06357 
1-Heptene........... os -181.98 0.09644 200.55 0.06029 
tranis-2-Heptene............0.0.000e000: -165.06 0.09322 208.31 0.06156 
drars-3-Heptene.......-c.scscesseeseeee -213.93 0.09684 204.21 0.06159 
1Octene............. -151.06 0.08981 250.32 0.06066 
-125.86 0.09081 257.00 0.06022 
-114.47 0.09052 296.36 0.05333 
~87.27 0.08830 339.08 0.05554 
154.26 0.09548 181.35 0.06740 
-220.00° 0.1049! 93.30 0.06817 
41,95 0.02631 176.16 0.07313 
-138.95 0.09336 231.13 0.06452 
-138.91 0.09106 277.16 0.05921 
1,2-Dimethylbenzene (o-Xylene)..... 13.31 0.08263 291.97 0.06009 
1,3-Dimethylbenzene (m-Xylene).... -$4,13 0.08525 282.42 0.05979 
1,4-Dimethylbenzene (p-Xylene)..... 55.87 0.07664 281.05 0.05958 
n-Propylbenzene......................-- -147.28 0.08827 318.63 0.05856 
Isopropylbenzene..............-.-.--- ~140.82 0.08588 284.008 0.05736" 
46.88 0.08322 336.88 0.05726 
48.51 0.08703 328.53 0.06028 
-126.13 0.08672 361.95 0.05530 
-72.18 0.07534 336.47 0.05534 
156.60 0.08021 491.00 0.06393 
133.16 0.07687 639.50 0.05927 
188.33 0.07814 710.33 : 0.06650 
413.33 0.07480 708.80 0.06256 
"T,. deg F. 
*K,, Biu per (hry(sq ft\(deg F) per ft 
T,, deg F. 
*K,, Bru per (hr)(sq ft)(deg F) per ft. 


‘T, lower limit of the temperature range, deg F. 
‘K, thermal conductivity at the lower limit of the temperature range, Bu per (hrsq fideg F) per ft. 


5T, upper limit of the temperature range, deg F. 
*K, thermal conductivity at the upper limit of the temperature range. Btu per (hr)(sq fiXdeg F) per fi. 


Procedure ; 
Step I: From the preceding tabulation, obtain the thermal conductivities of the compound at 
the freezing point and the normal boiling point. 
Step 2: Calculate the thermal conductivity of the liquid by linearly interpolating between these 
values. 
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12A1.1 


COMMENTS ON PROCEDURE 12A1.1 


Purpose 

Preceiite 12A1.1 is presented to calculate the thermal conductivities of pure liquid hydrocarbons 
at pressures lower than 500 pounds per square inch absolute from available experimental data. For 
higher pressures, the correction in Fig. 12A4.1 should be applied. This procedure is not applicable 
above the normal boiling point, where Procedure 12A1.3 should be used. Within its range of 
applicability, this procedure is somewhat more accurate than is Procedure 12A1.2. 


Limitations 

Within a few degrees of freezing point, the thermal conductivity rises more sharply than indicated 
by the simple interpolation relationship because of clustering of the molecules in anticipation of 
solidification. This phenomenon can usually be safely ignored in calculation. 

Do not extrapolate the data to temperatures above the normal boiling point. 


Reliability 
Average deviations of values calculated by this procedure from experimental data are less than 5 


percent. 


Literature Sources 


The entries in the tabulation were derived from data from the following sources: 


Methane (13,14,86,147) 

Propane (18,129,145,153) 

n-Butane (18) 

2-Methylpropane (58) 

n-Pentane (14,15,18,122,142,154,155) 

n-Hexane (9,18,56,75,82.124,142,144, 
157,168) 

2-Methylpentane (157) 

3-Methylpentane (157) 

2,2-Dimethyibutane (157) 

2.3-Dimethy!butane (157) 

n-Heptane (9,10,18,56,82, 105,105,120 
124,139,142,155,157) 

2.4-Dimethylpentane (156) 

n-Octane (18,19,56,116,120,124,142, 
144,157,168) 

2,2,4-Trimethylpentane (19,92,124,142, 

155,157) 

n-Nonane (18,19,45,141,142,144,157) 

2,2,5-Trimethylhexane (124,157) 

n-Decane (9,17,18,25,45,56,82,114, 
116,157,168) 

n-Dodecane (56,156,168) 

n-Tridecane (101) 

n-Tetradecane (15,19,102,156,180) 

n-Pentadecane (15,98,180) 

n-Hexadecane (15,98,156,180) 

n-Heptadecane (100,111,134) 

n-Octadecane (100,111,134,156) 

n-Nonadecane (98,100,115) 

n-Ejcosane (138) 

Heneicosane (138) 

Docosane (98,138) 

Tricosane (138) 

Tetracosane (98,138) 

Cyclopentane (43.124,156) 

Methylcyclopentane (17,142,154,156) 
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Cyclohexane (43,56,107,156.167) 
Methyleyclohexane (17,82,124,156) 
2-Methylpropene (43,152) 

1-Hexene (18,43,110) 

trans-2-Hexene (142,155,157) 

1-Heptene (18,308) 

trans-2-Heptene (157) 

trans-3-Heptene (156) 

1-Octene (109,157) 

trans-2-Octene (157) 

1-Nonene (103) 

1-Decene (103) 

Cyclohexene (43,142,155.156) 

2-Methyl-1,3-butadiene (18) 

Benzene (17,27,48,56,77,92, 120,133,140, 
159,167,175) 

Methy]benzene (10,18,38.41,45,47,53, 
83,105,118,120,124,131,132.133, 
136,140,171,175,185) 

Ethylbenzene (56,136.140) 

1,2-Dimethylbenzene (o-Xylene) (8,45.56, 
124,136.140,171) 

1,3-Dimethylbenzene (m-Xylene) (8,56, 136, 
142,155,17]) 

1,4-Dimethylibenzene (p-Xylene) (3.8.56, 
120,136,142,155,171) 

n-Propylbenzene (46) 

Isopropylbenzene (46,56,88, 142,155,156) 

1,2,4-Trimethylbenzene (135) 

1,3,5-Trimethylbenzene (135,140) 

n-Butyibenzene (136,156) 

tert-Butylbenzene (135) 

Biphenyl (47,184) 

o-Terphenyl (48) 

m-Terpheny! (48) 

p-Terpheny! (48) 
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12A1.1 


Example 


Find the thermal conductivity of 7-hexane at 68 F and atmospheric pressure. 
From the preceding tabulation, k, = 0.09375 at T, = -139.58 F and k, = 0.06022 at 


T, = 155.71 F. Interpolating linearly, 


68-(-139.58) 
£00.09375- 199.58) _ 06022 
8375 EEF SD 09375-0. ) 


k = 0.09375 - 0.02357 = 0.07018 Btu per (hr)(sq ft)(deg F) per ft 


The experimental value (18) is 0.07032 Btu per (hr)(sq ft)(deg F) per ft. 
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12A1.2 


PROCEDURE 12A1.2 


THERMAL CONDUCTIVITY OF PURE LIQUID HYDROCARBONS AT 
LOW PRESSURES, GENERALIZED METHOD 


Discussion 
The following equation is to be used to obtain the thermal conductivity of pure liquid 


hydrocarbons at pressures below 500 pounds per square inch absolute and at reduced temperatures 
between 0.25 and 0.80: 


(12A1.2-1) 
Where 
k = thermal conductivity, in Btu per (hr)(sq ft)(deg F) per ft. 
C = coefficient obtained from the tabulation below. 
n = coefficient obtained from the tabulation below, 
M = molecular weight 
V,, = molar volume at 68 F, in cubic feet per lb-mole. 
T, = reduced temperature, T/T,,. 
T = _ temperature, in degrees Rankine. 
T, = critical temperature, in degrees Rankine. 
n Cc 
For unbranched, straight chain hydrocarbon: 1.001 1.676 x 10° 
For branched and cyclic hydrocarbons: 0.7717 4.079 x 10° 
Procedure 


Step]: Obtain the critical temperature, T., and the molecular weight from Chapter 1. 

Step 2: Calculate the reduced temperature (T, = T/T a 

Step 3: Determine the coefficients n and C from the preceding tabulation. 

Step 4: Determine the density of the hydrocarbon at 68 F according to the methods in Chap. 
6. 

Step 5: Determine the molar volume at 68 F by dividing the molecular weight by the density 
of the hydrocarbon. : 

Step 6: Calculate the thermal conductivity by using equation 912A1.2-1). 


1997 ; 12-11 


a 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 1432533 


STD-API/PETRO TDB CHAPTER L2-ENGL 1992 MM O7322590 OS67084 701 


12A1.2 


12-12 


COMMENTS ON PROCEDURE 12A1.2 


Purpose 


When Procedure 12A1.1 is applicable, it should be used in preference. Procedure 12A1.2 is 
presented to calculate the thermal conductivity of pure liquid hydrocarbons as a function of 
temperature at pressures less than 500 pounds per square inch absolute. For higher pressures, apply 
the correction outlined in Figure 12A4.1. 


Limitations 


Equation (12A1.2-1) is not accurate for pressures greater than 500 pounds per square inch 
absolute or at reduced temperatures less than 0.25 or greater than 0.80. At reduced temperatures 
greater than 0.80, Procedure 12A1.3 should be used. 

Reliability 


The equation yields data with an average error of 5 percent and a maximum error of 20 percent 
from experimental values. 


Literature Soruces 


This procedure is based on methods presented by Pachaiyappan, Ibrahim, and Kuloor, Chem. 
Eng. 74[4] 140 (1967) and Riedel, Chem.-Ingr.-Tech. 21 349 (1949). 


Example 


Calculate the termal conductivity of liquid 77-butylbenzene at 140 F and 1 atm. 
From Chapter 1 the molecular weight is 134.22 and the critical temperature is 729.32 F. The 


reduced temperature is therefore —140+459-67___9 so44. For 7-butylbenzene, the coefficients n and 
729 .32 +459 .67 


C from the tabulation are 0.7717 and 4.079 x 10°, respectively. From Chapter 6, the density at 68 
F is 53.76 lb per cu ft. The molar volume at 68 F is therefore 134.22/53.76=2.497 cu ft per Ib-mol. 


_ The thermal conductivity is calculated next from equation (12A1.2-1): 


no (4.079 x10 °\(134 ae 3 +20(1-0.5044 )*? 
2.497 527.67 iP 


3+20] 1- 
(729 .32 +459 .67) 


K = 0.06730 Btu per (hr)(sq ft)(deg F) per ft 


The experimental value (136) at these conditions is 0.06830 Btu per (hr)(sq ft)(deg F) per ft. 
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12A1.3 
PROCEDURE 12A1.3 


THERMAL CONDUCTIVITY OF PURE LIQUID HYDROCARBONS 
ABOVE THE NORMAL BOILING POINT AND AT ALL PRESSURES 


Discussion 
The thermal conductivities of liquid hydrocarbons at temperatures greater than the normal boiling 
point and at any pressure are to be obtained from the following equations: 


tp 2 3 
__1.8b4e10 “p01 A410? ve) (2413-1) 
a 
Where, 
= 22137210 (12A1.3-2) 
p>722 
Aas 226 (12A1.3-3) 
exp * 
Wy yg V2 
Tu (12A1.3-4) 


"(PB S14 696 


k=thermal conductivity, in Btu per (hr)(sq ft)(deg F) per ft. 
p,=reduced density, p/p=pV.,. 

p=density, in pounds per cubic foot. 

p.=critical density, in pounds per cubic foot. 

V=critical volume, in cubic feet per pound. 

T.=critical temperature, in degrees Rankine. 

M=molecular weight. 

P,=reduced pressure, P/P.. 

P=critical pressure, in psia. 

P=pressure, in psia. 


Procedure 

Step J: Obtain the critical temperature, critical pressure, critical volume, and molecular weight 
from Chapter 1. 

Step 2: Calculate the reduced pressure, P=P/P.. 

Step 3: Determine A from equation (12A].3-4). 

Step 4: Determine the density of the hydrocarbon according to the methods of Chapter 6 and 
obtain the reduced density, p=pV.. 

Step 5: Calculate B by using equation (12A1.3-3) and @ by using equation (12A1.3-2). 

Step 6: Calculate the thermal conductivity by using equation (12A1.3-1). 
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12A1.3 
COMMENTS ON PROCEDURE 12A1.3 


Purpose 
Procedure 12A1.3 is presented to calculate the thermal conductivity of pure liquid hydrocarbons 


above the normal boiling point and at any pressure. 


Limitations 
At temperatures below the normal boiling point. Procedure 12A1.1 or 12A1.2 should be used 
with a pressure correction obtained from Figure 12A4.1 if required. 


Reliability 
Average errors of 8 percent can be expected, with maximum errors of -32 percent. 


Literature Source 
The procedure is adapted from Kanitkar and Thodos, Can. J. Chem. Eng. 47 427 (1969). 


Example 

Calculate the thermal conductivity of liquid 77-heptane at 320 F and 197.4 atm. 

From Chapter 1, the critical temperature is 512.69 F, the critical pressure is 397.41 psia, the 
critical volume is 0.0684 cu ft per lb, and the molecular weight is 100.2. The reduced pressure is 
197.4/ (397.41/14.696) = 7.30, and from equation (12A1.3-4): 


(512 .69 +459 .67 (100 .2)'7 
(oo ee 
(397 .41/14 .696 )*? 


A =3.497 
From chapter 6, the density is determined to be 37.93 Ib per cu ft, and the reduced density is 
therefore (37.93)(0.0684) = 2.594. By using equations (12A1].3-3) and (12A1.3-2), the values of B 
and @ are calculated as follows: 


0.986 


BP =0.40 + ——_—_________ 
exp [(0.58 }(3.497 )] 
B =0.5297 


ee _2:137 210 = 
(0.5297 3 


«=0,05892 


The thermal conductivity is then calculated by using equation (12A1.3-1): 


pe 61884 x10 67.30)? +(1.442 x10 “°)(7.30 )+0.05892 exp [(0.5297 2.594 )} 
3.497 


k = 0.06956 Btu per (hr)(sq ft)(deg F) per ft | 


The experimental value (106) at these conditions is 0.06379 Btu per (hr)(sq ft)(deg F) per ft. 
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12A2.1 


PROCEDURE 12A2.1 


THERMAL CONDUCTIVITY OF DEFINED LIQUID 
HYDROCARBON MIXTURES 


Discussion 
The thermal conductivity of a mixture of known composition can be calculated by using the 
following equations when the conductivities of the pure components are given: 


ks > > >, ¢, k, (12A2.1-1) 
a J r 


-) 
k= {2 P | (12A2.1-2) 
kk, 


x;V, 
o> (12A2.3-1) 
x mM 
5 ered (12A2.1-4) 
Where: 
k, = thermal conductivity of the mixture, in Btu per (hr)(sq ft) (deg F) per ft. 
;, 9; = volume fractions of pure component i and j. 
k,, k; = thermal conductivities of pure components i and j, in Btu per (hr)(sq ft)(deg 
F) per ft. 

V;, V; = molar volumes of pure components i and j, in cu ft per Ib-mole. 
Xx, X= mole fractions of pure components i and j. 


For a binary mixture equation (12A2.1-1) becomes: 


k, = 7k; + 2,$;k; + $;7k; (12A2.1-5) 
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12A2.1 
Procedure 

Step 1: From Chap. 1, determine the molecular weight of each component of the mixture, and 
from Procedure 12A1.1 or 12A1.2, determine the thermal conductivity of each 
component at the conditions desired for the mixture. 

Step 2: From Chap. 6, determine the density of each component of the mixture. 

Step 3: Calculate the molar volume of each component as the molecular weight divided by the 
density. 

Step 4: Calculate k, by using equation (12A2.1-2). 

Step 5: Calculate the volume fraction of each component of the mixture by using equation 
(12A2.1-3) and check to determine that the sum of all the pure component volume 
fractions total 1, according to equation (12A2. 1-4). 

Step 6: Calculate the thermal conductivity of the mixture by using equation (12A2.1-1). 
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12A2.1 
COMMENTS ON PROCEDURE 12A2.1 


Purpose 

Procedure 12A2.1 is presented for calculating the thermal conductivity of liquid hydrocarbon 
mixtures of known composition at any temperature and pressure from the pure-component data under 
the same conditions. 


Reliability 

Average deviations of values calculated by this procedure from experimental data are 
approximately 5 percent. Errors will rarely exceed 15 percent for hydrocarbons systems for which 
reliable pure-component input conductivities are available. 


Special Comments 

Procedures 12A1.1 and 12A1.2 should be used to obtain the pure-component input data for this 
procedure. For high pressures, the correction outlined in Figure 12A4.1 must be applied. To get 
pure-component conductivities near the critical point, use Procedure 12A1.3. 

Although not recommended when the mixture composition is known, Figure 12A3.1 may be used 
for fast but less accurate estimates of mixture thermal conductivities. Figure 12A3.1 is the only 
method available to be used for a liquid mixture containing a component that is above its critical 
temperature. 


Literature Source 
The procedure is adapted from Li, AIChE Journal 22 927 (1976). 


Example 

Calculate the thermal conductivity of a 68-mole percent n-heptane-32-mole percent cyclopentane 
(i-j) mixture at 32 F and 1 atm. The experimental thermal conductivities of n-heptane and 
cyclopentane at these conditions (124) are 0.07639 and 0.08130 Btu per (hr)(sq ft)(deg F) per ft, 
respectively. 

From Chapter 1, the molecular weights are 100.2 for n-heptane and 70.13 for cyclopentane. The 
density of n-heptane at these conditions is 43.85 Ib per cu ft, and the density of cyclopentane is 47.60 
Ib per cu ft according to the methods of chapter 6. The molar volumes are determined to be (100.2/ 
43.85)=2.285 cu ft per Ib-mole for 7-heptane and (70.13/47.60)=1.473 cu ft per Ib-mol for 
cyclopentane. From equation (12A2.1-2), the value of k, is calculated as follows: 


bat | 
k. en eee ewe eed 
2 ( 0.07639 0.08130 
k, = 0.07877 Btu per (hr)(sq ft)(deg F) per ft 


The volume fractions of the pure components are determined by using equation 912A2. 1-3): 


n-heptane: — g = __(0.682.285) aga 
* (0.68 (2.285 )+(0.32 \1.473 ) 


1997 12-17 


Nee eee ee 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 1432533 


STD-API/PETRO TDB CHAPTER 12-ENGL 1592 MM 0732290 OSt7090 SOS 


12A2.1 


cyclopentane: = 0:32 (1.473) 2328 


7 (0.68 (2.285 )+(0.32 1.473 ) 


As a check, the sum of the volume fraction is (0.7672+0.2328)=1.0, as required by equation (12A2.1- 
4). 
The thermal conductivity of the mixture is calculated by using equation 912A2.1-5): 


k,,=(0.7672)*(0.07639)}+2(0.7672)(0.2328)(0.07877)+(0.2328)7(0.08130) 
k,,=0.0775 1 Btu per (hr)(sq ft)(deg F) per ft 


The experimental value (124) at these conditions is 0.07714 Btu per (hr)(sq ft)(deg F) per ft. 
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12A3.1 


PROCEDURE 12A3.1 


THERMAL CONDUCTIVITY OF UNCHARACTERIZED LIQUID 
PETROLEUM FRACTIONS AT LOW PRESSURES 


Discussion 
The following equation is to be used to obtain the thermal conductivity of uncharacterized 
liquid petroleum fractions at low pressures and temperatures between 0-600 degrees Fahrenheit. 


K = 0.07577 - 4.1 x 10°T (12A3.1-1) 
Where: 
K = thermal conductivity, in BTU per (hr)(sqft)(deg F) per ft. 
T = temperature, in degrees Fahrenheit 
Procedure 


Step I: Calculate the thermal conductivity of the fraction using equation (12A3. 1-1). 
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12A3.1 


12-20 


COMMENTS ON PROCEDURE 12A3.1 


Purpose 

Procedure 12A3.1 allows quick estimation of thermal conductivity at low pressure as a 
function of temperature for any liquid hydrocarbon, although the procedure was developed for 
petroleum fractions. For pressures above 500 pounds per square inch absolute, correct the value 
from this procedure by using Procedure 12A4.1. 


Limitations 

This procedure is an oversimplication, inasmuch as molecular type and weight have not 
been correlated. Accordingly, Procedure 12A2.1 should be used in preference me mixtures for 
which the composition is known. 


Reliability 
Average errors of 10 percent can be expected from Procedure 12A3.1, with maximum 
errors of 40 percent. 


Literature Sources 
This Procedure is the best representative of data from the following sources: 11, 16, 41, 
43, 51, 57, 65, 80, 127, 128, 130, 141, 170, 174. 


Example 
Calculate the thermal conductivity of atmospheric pressure of a liquid petroleum fraction 
with temperature of 550.6 F. 
The thermal conductivity is calculated from equation (12A3.1-1) 
K = 0.07577 - 4.1 x 10° + 550.6 
K = 0.05320 BTU per (hr)(sqft)(deg F) per ft 


1997 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 


Febuary 22, 


2000 143327233 


2000 


STD-API/PETRO TDB CHAPTER 22-ENGL 1992 MM O732290 0567093 214 


12A3.2 
PROCEDURE 12A3.2 


THERMAL CONDUCTIVITY OF LIQUID PETROLEUM 
FRACTIONS AT LOW PRESSURES 


Discussion 
The following equation is to be used to obtain the thermal conductivity of characterized liquid 
petroleum fractions at low pressures. 


k = MeABP®?™ - (9.961x10° - 5.364x10“T ) (12A3.2-1) 
Where: 
k = thermal conductivity, in Btu per (hr)(sq ft)(deg F) per ft. 
MeABP = mean average boiling point, in degrees Rankine. 


T = temperature, in degrees Fahrenheit. 


Procedure 
StepJ: Calculate the thermal conductivity of the fraction by using equation (12A3.2-1). 
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COMMENTS ON PROCEDURE 12A3.2 


Purpose 
Procedure 12A3.2 is presented to calculate the thermal conductivity of characterized liquid 


petroleum fractions at any temperature and low pressures. 


Reliability 
Average deviations of values calculated by this procedure from experimental data are 
approximately 6 percent, maximum deviations are 24 percent. 


Special Comments 

This procedure only applies to liquid petroleum fractions that are fully characterized, if the mean 
average boiling point is not known, it could be estimated by any two of the following characterization 
properties: Watson characterization factor, K, aniline point, carbon-to-hydrogen weight ratio, 
molecular weight by using Figure 2B6.1 of Chapter 2. 


This procedure is applicable in the MeABP range of 607 R to 1545 R. 
For mixtures that are not characterized at all, Fig.12A3.1 should be used. 
For high pressures, the correction outlined in Figure 12A4.1 must be applied. 


Literature Source 
This procedure was developed at The Pennsylvania State University. 


ee the thermal conductivity of a liquid petroleum fraction with mean average boiling point 
of 646.74 R at the temperature of 71.87 F. 
The thermal conductivity is calculated from equation (12A3.2.1): 

k = (646.74)°?™ - (9.961x10°? - 5.364x10°-71.87) 

k = 0.06272 Btu per (hr)(sq ft)(deg F) per ft 


The experiment value (127) at these conditions is 0.06402 Btu per (hr)(sq ft)(deg F) per ft. 
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12A3.3 


PROCEDURE 12A3.3 


THERMAL CONDUCTIVITY OF LIQUID PETROLEUM FRACTION 
BLENDED WITH DEFINED LIGHT HYDROCARBON LIQUID MIXTURES 


Discussion 

This procedure is used for the calculation of the thermal conductivity of a liquid petroleum fraction 
blended with a light hydrocarbon liquid mixture. Use equation (12A3.1-1) or equation (12A3.2-1) 
to obtain the thermal conductivity of the liquid petroleum fraction. Use Procedure 12A2.1 to obtain 
the thermal conductivity of the light hydrocarbon liquid mixtures. Then treat the light hydrocarbon 
liquid mixtures and the petroleum fractions as pseudocomponents, using Procedure 12A2.1 to 
calculate the thermal conductivity of the whole blend. 


Procedure 

Step I: Obtain the thermal conductivity of the liquid petroleum fraction by using equation 
(12A3.1) or equation (12A3.2-1). 

Step 2: Obtain the thermal conductivity of the defined light hydrocarbon liquid mixture by 
using Procedure 12A2.1 steps 1 through 6. 

Step 3: Consider the liquid petroleum fraction and the light hydrocarbon liquid mixtures as 
pseudocomponents, and obtain the thermal conductivity of the blend by using 
Procedure 12A2.1 steps 1 through 6. 

1997 12-23 


a 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 143323533 


STD-API/PETRO TDB CHAPTER 12-ENGL 15952 MM O732290 OS6b709L T23 


12A3.3 
COMMENTS ON PROCEDURE 12A3.3 


Purpose 
Procedure 12A3.3 is presented to calculate the thermal conductivity of liquid petroleum fractions 


blended with defined light hydrocarbon liquid mixtures. 


Example 
Calculate the thermal conductivity of a mixture containing 60-mole percent liquid petroleum 


fraction with a mean average boiling point of 646.74 R and a specific gravity of 0.698 blended with 
15-mole percent n-pentane(1), 10-mole percent n-hexane(2), and 15% benzene(3) at 60 F and 1 atm. 

The molecular weight of the petroleum fraction is 94.257 as calculated from Chapter 2, the density 
is calculated as (0.698)(62.27)=43.46 Ib per ft®, thus the molar volume is (43.46)"(94.257)=2. 1688 


ft? per Ibmol. 
The thermal conductivity of the petroleum fraction is calculated from equation (12A3.1-1): 


k = 0.07577 - 4.1x10° (60.0) 
k = 0.07331 Btu per (hr)(sq ft)(deg F) per (ft) 


The thermal] conductivity of the defined light hydrocarbon liquid mixture (the molar fractions are 
normalized as 37.5 mole percent n-pentane, 25.0 mole percent n-hexane, and 37.5 mole percent 
benzene in order to treat the defined mixture as a pseudocomponent) is calculated from Procedure 
12A2.1. From Procedure 12A1.1, the liquid thermal conductivities of n-pentane, n-hexane and 
benzene are 0.06772, 0.07109 and 0.08454 Btu per (hr)(sq ft)(deg F) per ft, respectively at the 
specified conditions. From Procedure 6A2.13 and Procedure 6A3.1 of Chapter 6, the molar volumes 
are determined to be 1.831 ft*bmol for n-pentane, 2.066 ft?/Ibmol for n-hexane, 1.418 ft?/Ibmol for 
benzene, and 1.7346 ft?/Ibmol for the mixture. From equation (12A2.1-2), the values of k; is 
calculated as follows: 


J + aul al = 0.06936 


” y06772 0.07109 


ba 
l 

we 

~ 


+ ————) § = 0.07520 


= 0.07723 


Ez. + 
a Tories 0.08454 


The volume fractions of the pure components are determined by using equation (12A2.1-3): 
(0.375 X1.831 ) 


n-pentane: @, = = 0.3958 
(0.375 (1.831 )+(0.25 (2.066 )+(0.375 (1.418) 
n-hexane: 9 2 (0.25 2.066 ) = 0.2977 
(0.375 1.831 )+(0.25 (2.066 )+(0.375 (1.418 ) 
benzene: @, = (0.375 (1.418 ) = 0.3065 
(0.375 (1.831 )+(0.25 K2.066 )+(0.375 (1.418 ) 
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The thermal conductivity of the mixture is calculated by using equation (12A2.1-1): 
=> 0,0 4,=0 7k, +0,7k,+0,7k, +20 04,,+20,05k,,+20,0,k,, 
k,, = (0.3958)'(0.06772) + (0.2977)?(0.07109) + (0.3065)(0.08454) + 2(0.3958)(0.2977)(0.06936) 


+ 2(0.3958)(0.3065)(0.07520) + 2(0.2977)(0.3065)(0.07723) 
k,, = 0.07354 Btu per (hr)(sq ft)(deg F) per (ft) 


The petroleum fraction(i) and the defined hydrocarbon liquid mixture(j) are treated as two 
pseudocomponents, and Procedure 12A2.1 is applied again to calculate the thermal conductivity of 
the blend. From equation (12A2.1-2), the values of k, is calculated as follows: 

1 1 


————)"! = 0.07342 
0.07331 0.07354 


k, = 2¢ 


The volume fractions of the pseudocomponents are determined by using equation (12A2. 1-3): 


(0.6 (2.1688 ) 


liquid petroleum fraction: g = ————(0-6X2.1688 ) 
" — (0.6)(2.1688 )+(0.4)(1.7346 ) 


= 0.6522 


defined hydrocarbon liquid mixture: 9 = ——— (0-41-7346) «ig 3499 


J (0.6 (2.1688 )+(0.4)(1.7346 ) 
The thermal conductivity of the blend is calculated by using equation (12A2. 1-5): 
k,, = (0.6522)°(0.07331) + 2(0.6522)(0.3478)(0.07342) + (0.3478)7(0.07354) 


k,, = 0.07339 Btu per (hr)(sq ft)(deg F) per (ft) 
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12A4.1 
PROCEDURE 12A4.1 
THERMAL CONDUCTIVITY OF LIQUID HYDROCARBONS 
AT HIGH PRESSURES 
Discussion 


The following equations are to be used to obtain thermal conductivity for liquid 
hydrocarbons in the reduced temperature range 0.4-0.8 and pressures greater than 500 pounds per 
square inch absolute: 


k, =k, & (12A4.1-1) 
C, 
2 
C = 17.77 + 0.065P, - 7.7647, - ~oetr (12A4.1-2) 
exp (0.2P,) 
Where: 
k, = thermal conductivity at the desired temperature and pressure, in Btu per (hr)(sq 
ft) (deg F) per ft. 
k, = thermal conductivity at the same temperature and another pressure (usually 
atmospheric), in Btu per (hr)(sq ft)(deg F) per ft. 
C,,C, = conductivity factors calculated from equation (12A4.1-2) corresponding to the 
reduced conditions applicable to k, and k,, respectively. 
P, = reduced pressure P/P, 
Pp = pressure, in pounds per square inch absolute 
P, = critical pressure, in pounds per square inch absolute - 
T, = reduced temperature, T/T, 
T = temperature, in degrees Rankine 
T, = critical temperature in degrees Rankine 
Procedure 
Step 1: From Chapter 1 determine the critical temperature and critical pressure, then 


calculate the reduced temperature and reduced pressure. 

Step 2: If the reduced temperature falls within the range .4-.8 then calculate C, and C, 
from equation (12A4.1-2). 

Step 3: Find a literature value for the thermal conductivity of the liquid at the same 
temperature and different pressure. 

Step 4: Calculate k, from equation (12A4.1-1). 


12-26 1997 


COPYRIGHT 2000 American Petroleum Institute Information Handling Services, 2000 
Febuary 22, 2000 TAs 32533 


COPYRIGHT 2000 American Petroleum Institute 
Febuary 22, 2000 14:32:33 


STD-API/PETRO TDB CHAPTER 12-ENGL 1952 my O?73e¢290 0567099 732 a 


12A4.1 


COMMENTS ON PROCEDURE 12A4.1 


Purpose 

Procedure 12A4.1 is presented for estimating the effect of pressure on the thermal 
conductivities of liquid hydrocarbons when the pressure is greater than 500 pounds per square 
inch absolute. 


Reliability 

The average error in the pressure correction alone is approximately 5 percent, with a 
maximum error of 25 percent. The final thermal conductivity, k,, also is subject to error from the 
input value, k,. 


Literature Source 
The procedure was adapted from Lenoir, Petroleum Refiner 36[8] 162 (1 957). 


Example 

Calculate the thermal conductivity of liquid toluene at 87.5 F and 22,044 psia. From 
Chapter 1, the critical temperature is 1065.22 R and the critical pressure is 595.90 psia. A 
literature value (53) for the thermal conductivity of the liquid at 87.5 F and 14.696 psia is k = 
0.07425 Btu per (hr)(sq ft)(deg F) per ft. For this condition the reduced temperature is 
87.5 _+ 459.67 _ 0.5136 and the reduced pressure Pia 14.696 _ 0.0247 . The reduced 

1065 .22 + §95 .90 
temperature falls within the range of .4 to .8. Using equation (12A4.1-2) the conductivity factor 
C, = 17.77 + 0.065 = 0.024662 - 7.764 » 0.513646 - 2-054 * 0.513646 * _ 13 oyyy 
exp(0.2 * 0.024662 ) 
For the evaluated pressure condition, the reduced temperature is also 0.5136 and the 


ae = 36.993. Using equation (12A4.1-2) the conductivity factor 


reduced pressure P, is 


* 2 
C, = 17.77 + 0.065 + 36.993 - 7.764 » 513646 - 2054 _* 0.5136" _ 16 igs 


exp(0.2 * 36.993) 


By using equation (12A4.1-1), k, =k, (C,/C,) = eee = 0.09074 Btu per (hr)(sq 


ft)(deg F) per ft. An experimental value (53) is 0.09435 Btu per (hr)(sq ft)(deg F) per ft. 
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12B1.1 
PROCEDURE 12B1.1 
THERMAL CONDUCTIVITY OF PURE HYDROCARBON 
GASES AT LOW PRESSURE 
Discussion 


The following equation is recommended for predicting the thermal conductivity of pure 
hydrocarbon gases at pressures below 50 pounds per square inch absolute: 


k=A+BT+CT? (12B1.1-1) 
Where: 
k = thermal conductivity, in Btu per (hr)(sq ft)(deg F) per ft. 
T = temperature, in degrees Fahrenheit. 
A,B,C = derived coefficients 


The values of the coefficients A, B, and C are tabulated below for a number of compounds. 
The temperature range of the data with which the coefficients were derived also is given. 


AX10° B X 10° CX 10° Temperature 
Range (deg F) 
Methane..............000.000.000.00. 16.77 4.358 1.335 -285 to 980 
Ethane........000..0..000.cccceecceeceees 8.74 4.343 1.364 32 to 850 
Propane icicaecaw ascension: 7.54 3.362 1.971 -40 to 1000 
n-Butane......0.0.0 eee 6.9] 2.809 2.841 32 to 340 
n-Pentane................0c.c0cceceeeees 6.76 2.337 2.778 32 to 340. 
n-Hexane... 0.0 0s eee ccceecceeceeeeees 6.42 2.214 2.180 32 to 770 
m-Heptane................cceeeeeeereeee 4.95 2.444 1.685 220 to 790 
N-Octane..... 2... eee eeeeeceeeecees 3.59 2.710 1.175 290 to 750 
N-NOMANE... esse eeee eee eee eeeees 3.60 2.453 1.237 350 to 760 
m-Decane........ 2. eee eee eeeeecee ees 0.72 3.200 0.470 350 to 760 
n-Undecane...........0000...c0ec ee 1.77 2.46] 1.111 390 to 750 
n-Dodecane.............. cece -0.84 3.190 0.405 470 to 740 
n-Tridecane. ..........00.......ee.e eee 0.22 2.714 0.637 490 to 740 
n-Tetradecane.................cecceeee ~4.02 3.810 -0.233 525 to 720 
n-Pentadecane. ........0.00.ccec ee -4.30 3.850 -0.450 560 to 700 
n-Hexadecane.................c....00s -6.79 4.350 -0.828 590 to 700 
2-Methylpropane........0............ 7.17 2.849 3.131 32 to 212 
2-Methylbutane................00000.. 7.92 0.774 8.393 120 to 212 
Ethene. .......0..000...ccccecececeeeeeee 9.33 3.231 2.139 -140 to 600 
PROPONE sii ci2esererinotiancasecoden 7.23 3.296 1.442 70 to 700 
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Cyclopropane.........0.. cece 


Cyclohexane 
Benzene..... 


1,2-Dimethylbenzene (o-Xylene)... 
1,3-Dimethylbenzene (77-Xylene).. 
1,4-Dimethylbenzene (p-Xylene)... 


n-Propylbenzene....................... 
Isopropylbenzene...................... 


Procedure 


For the desired compound, obtain the appropriate coefficients from the given tabulation and 


7.72 
5.14 
4.13 
3.79 
10.98 


8.09 
4.50 
2.58 
0.94 
-0.49 


5.16 
6.96 
1.64 

-0.42 

-4.64 


1.475 
2.802 
3.049 
2.904 
2.531 


1.083 
2.414 
3.235 
4.005 
4.039 


2.964 
1.520 
3.418 
4.276 
7.580 


6.590 
1.311 
0.693 
0.606 
2.038 


7.526 
2.572 
0.160 
-0.275 
-0.231 


0.095 
1.880 
0.241 
1.266 
-2.036 
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70 to 212 
170 to 650 
212 to 670 
280 to 430 
32 to 400 


120 to 300 
210 to 680 
210 to 740 
300 to 730 
360 to 760 


370 to 790 
410 to 800 
350 to 780 
360 to 650 
360 to 660 


use equation (12B1.1-1) to calculate the thermal conductivity at the temperature of interest. 
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12B1.1 


COMMENTS ON PROCEDURE 12B1.1 


Purpose 
Procedure 12B1.1 is presented to calculate the thermal conductivities of pure hydrocarbon 


gases at pressures below 50 pounds per square inch absolute. For higher pressures, the correction 
from Procedure 12B4.1 should be applied. Within its range of applicability, this procedure is 
somewhat more accurate than is Procedure 12B1.2. 


Limitations 
This method is intended for use only within the specified temperature regions. 


Reliability 


Average deviations of values calculated by this procedure from experimental data are less than 


5 percent. 


Literature Sources 


The entries in the tabulation were derived from data from the following sources: 


Methane (22,28,50,55,61,62,67,69, 70,72, 
74,84,85,94, 147,148,149, 160,164, 
165,176,183) 

Ethane (23,3 1,40,62,67,69,70,71,72,155, 
162,179,183) 

Propane (24,67,71,85,129, 153,162,164, 
179,183) 

n-Butane (21,66,67,85,117,125,161,162, 
164,177) 

n-Pentane (20,67,85,164) 

n-Hexane (3 1,67,68,85,87,178, 179) 

n-Heptane (67,103,169) 

n-Octane (67,103) 

n-Nonane (103,104) 

n-Decane (104,114) 

n-Undecane (103,104,111,169) 

n-Dodecane (104) 

n-Tridecane (104) 

n-Tetradecane (103,104,169) 

n-Pentadecane (104) 


Example 


n-Hexadecane (104,169) 
2-Methylpropane (67,85, 125) 
2-Methylbutane (67, 125-176) 
Ethene (28,62,64,67,74, 112,161,162,183) 
Propene (67,112,113,126,161,162) 
1-Butene (126,162,177) 

1-Hexane (110,112,113) 

1-Heptene (108,112,113) 

1-Octene (112,113) 

Ethyne (99,184) 

Cyclopropane (67,126,179) 
Cyclohexane (12,31,68, 107,178,179) 
Benzene (4,3 1,68, 178,179) 
Methylbenzene (Toluene)(1) 
Ethylbenzene (5) 
1,2-Dimethylbenzene (0-Xylene) (2) 
1,3-Dimethylbenzene (7-Xylene) (2) 
1,4-Dimethylbenzene (p-Xylene) (3) 
n-Propylbenzene (46) 
Isopropylbenzene (46) 


Find the thermal conductivity of 1-heptene at 268 F and 1 atm. 


From the preceding tabulation, A = 4.13 x 10°, B = 3.049 x 10°, C=0.693 x 10%. The 
thermal conductivity then is calculated by using equation 912B1.4-1): 
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12B1.1 
k = 4.13 x 10° + (3.049 x 10°) (268) + (0.693 x 10°)(268) 
k = 0.01280 Btu per (hr)(sq ft)(deg F) per ft. 
An experimental value (113) is 0.01309 Btu per (hr)(sq ft)(deg F) per ft. 
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12B1.2 
PROCEDURE 12B1.2 
THERMAL CONDUCTIVITY OF PURE HYDROCARBON GASES 
AT LOW PRESSURES, GENERALIZED METHOD 
Discussion 
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The following equations are to be used to obtain the thermal conductivity of pure 
hydrocarbon gases at pressures below 50 pounds per square inch absolute. 
For methane and cyclic compounds at reduced temperatures less than 1.0: 


TC 
k = LI&& x ee (12B1.2-1) 


For methane and cyclic compounds at reduced temperatures greater than 1.0 and for all 
other compounds at any temperature: 


Cc 
k = (2.67 x 1074 (14.52T, - 5.14) = (12B1.2-2) 
23 
a= 1" [se] (12B1.2-3) 
FP, 
Where: 
k = thermal conductivity, in Btu per (hr)(sq ft)(deg F) per foot. 
T, = reduced temperature, T/T,. 
T = temperature, in degrees Rankine. 
T, = critical temperature, in degrees Rankine. 
C, = isobaric heat capacity, in Btu per (lb-mole)(deg R). 
M = molecular weight. 
Pp. = critical pressure, psia. 
Procedure 
Step 1: Obtain the critical temperature, T,, the critical pressure p,, and molecular 


weight, M, from Chapter 1. 

Step 2: Calculate 4 from equation (12B1!.2-3). 

Step 3: Calculate the reduced temperature (T, = T/T,). 

Step 4: Obtain the isobaric heat capacity according to the method of Chapter 7 and 
convert to a Btu per (Ib-mole)(deg R) basis. 

Step 5: Depending on the reduced temperature and compound type, calculate the 
thermal conductivity using either equation (12B1.2-1) or equation (12B1.2-2). 
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12B1.2 


COMMENTS ON PROCEDURE 12B1.2 


Purpose 

Procedure 12B1.2 is presented to calculate the thermal conductivity of pure hydrocarbon 
gases at pressures less than 50 pounds per square inch absolute. For higher pressures, apply the 
correction outlined in Procedure 12B4.1. When Procedure 12B1.1 is applicable, it should be used 
in preference to this procedure. 


Reliability 
This procedure yields average errors of 5 percent and maximum errors of 40 percent. 


Literature Source 
This procedure is adapted from Misic and Thodos, AJChE Journal 7 264 (1 961). 


Example 

Calculate the thermal conductivity of 2-methylbutane at 212 F and 1 atm. 

From Chapter 1, the critical temperature is 369.1 F, the critical pressure is 498.38 psia, 
and the molecular weight is 72.15. The value of A is therefore: 


(369.1 + 459.67)"(72.15)'2 
(490 .38/14 .696 )*? 


A= 


A= 2.512 


(212 +459 67) _ 
369 .1+459 .7) 
capacity is 34.49 Btu per (Ib-mole)(deg R). 

The thermal conductivity for 2-methylbutane is then calculated by using equation 
(12B1.2-2): 


The reduced temperature is 0.810. From Chapter 7, the isobaric heat 


k = 2.67 x 10°) (14.52) (0.810) - 5.14yp3 34-49 


2.$12 
k = 0.01293 Btu per (hr)(sq ft)(deg F) per ft. 


An experimental value (124) at these conditions is 0.01333 Btu per (hr)(sw ft)(deg F) per 
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12B2.1 
PROCEDURE 12B2.1 
THERMAL CONDUCTIVITIES OF DEFINED MIXTURES 
OF HYDROCARBON GASES 
Discussion 


The following equations are to be used to predict the thermal conductivity of vapor mixtures of 
known composition at any conditions of temperature and pressure. The conductivities of the pure 
components are required at the same conditions. 


k. = > — : : (12B2.1-1) 
— & Ay; 
Yj js] 


k, = thermal conductivity of the mixture, in Btu per (hr)(sq ft)(deg F) per ft. 
k,; = thermal conductivity of component i, in Btu per (hr)(sq ft)(deg F) per ft. 


n = number of components in the mixture. 
y; Y; = mole fractions of components i and j. 
1/2 : 
s. Ss. 
u.)* f + S| i: + S| 
graye a $4 pee 5 eee (12B2.1-2) 
4 B, M; s. 
f + 5 | ] + S| x 
T 
S;, §; (Sutherland Constants) = 1.5 T, (12B2.1-3) 
S,, §, = 142°R for hydrogen, deuterium, and helium. (12B2.1-4) 
s, = §5, (12B2.1-5) 
Note that A; + Aj. 
Where: 
Bj, Hj = viscosities of components i and j, in centipoises. 
M;,M; = molecular weights of components i and j. 
Th = normal boiling point, in degrees Rankine. 
T = temperature, in degrees Rankine. 


This method is also applicable to mixtures of nonhydrocarbons, including hydrogen. 
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Step I: 


Step 2: 
Step 3: 
Step 4: 
Step 5: 


2000 


12B2.1 


Obtain the molecular weights and normal boiling points of the pure components of the 
mixture from Chap. 1 and calculate the thermal conductivities by using Procedure 
12B1.1 or 12B1.2. Ifthe values are required at elevated pressures, use Procedure 
12B4.1 to correct for the effect of pressure. 

Caiculate S;, S;, and S;; from equations (12B2.1-3) and (12B2. 1-4). 

Obtain the pure component viscosities using the method of Chap. 11. 

From equation (12B2.1-2), calculate the factors A, 


Obtain the thermal conductivity of the mixture from equation (12B2.1-1). 
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12B2.1 
COMMENTS ON PROCEDURE 12Bz2.1 


Purpose 
Equation (12B2.1-1) is used to calculate the thermal conductivity of a gaseous mixture for which 
the composition is known, using pure-component conductivities under the same conditions. 


Reliability 
Equation (12B2.1-1) yields average errors of approximately 5 percent and maximum errors of 40 
percent when compared with the available data. 


Special Comments 

Equation (12B2.1-1) also will yield reliable results for many nonhydrocarbon systems, including 
mixtures containing polar compounds. 

For mixtures of quantum gases (hydrogen, helium, and neon) and hydrocarbons where the fraction 
of the quantum gas is known but the composition of the hydrocarbon portion is not, use Procedure 
12B3.1 to obtain a k, for the entire hydrocarbon portion of the mixture, which is then treated as a 
pseudocomponent in this procedure. 

Although not recommended when the mixture composition is known. Procedure 12B3.] may be 
used for fast but less accurate estimates of mixture thermal conductivities. 


Literature Source 
This procedure is adapted from Lindsay and Bromley, Jnd. Eng. Chem. 42 1508 (1950). 


Example 
Calculate the thermal conductivity of a 29.96-mole percent 77-pentane(1) - 70.04-mole percent 
n-hexane(2) mixture at 212 F and ] atm. The experimental thermal conductivities of 7-pentane and 
n-hexane at these conditions (42) are 0.01280 and 0.01165 Btu per (hr)(sq ft)(deg F) per ft, 
respectively. 
The molecular weights and normal boiling points are taken from Chapter 1. 
n-pentane: M = 72.15; T, = 96.93 F 
n-hexane: M = 86.18; T, = 155.71 F 
The Sutherland constant of n-pentane is S, = 1.5(96.93+459.67) = 834.9 R and the Sutherland 
constant of n-hexane is S, = 1.5(155.71+459.67) = 923.07 R. The factor S,, = S,, is therefore 
34.9923 07)=877 88° From Chapter 11, the viscosities of m-pentane and 7-hexane are determined 


to be 0.008631 and 0.008129 centipoise, respectively. By using equation (12B2.1-2), the factors A; 
are calculated as follows: 
2 


w/z 
834.9 877 .88 
a tte at eg ear 
4,34 1 4|0-008631_( 86.18 212 +459 .67 212 +459 .67 
M 0.008129 


72.15 [1 923 .07 1+ 834.9 
212 +459 .67 212 +459 67 
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p 2 
923 .07 877 88 
4 1 ee ees ji 
Aw Ld 1 -{0:008129 ( 72.15 212 +459 .67 212 +459 .67 
ae | 0.008631 | 86.18 : 834.9 1 + 923.07 
rrr + 
212 +459 .67 212 +459 67 


A, = 0.9087 


The mixture's thermal conductivity is calculated next by using equation (12B2. 1-1): 


one 0.01280 F 0.01165 
" 1 1 

1.00.2996 )+(1.102 (0.7004 
0.2996 [ct -0X rt x I 0.7004 


[(0.9087 (0.2996 )+(1.0)(0.7004 )] 


k,, = 0.01197 Btu per (hr)(sq ft)(deg F) per ft 


An experimental value (42) is 0.001188 Btu per (hr)(sq ft)(deg F) per ft. 
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12B3.1 
PROCEDURE 12B3.1 
THERMAL CONDUCTIVITY OF PETROLEUM FRACTION 
VAPORS AT LOW PRESSURES 
Discussion 


The following equation is to be used to estimate the thermal conductivity between a 
temperature range of 0-1000 ae F anda oe ~~ range of 15-150 g/mol. 


bene ckes e 


(12B3.1-1) 
MW ae * iw * Mw? 


Where: 

= thermal conductivity at T in BTU per (hr)(sq ft)(deg F) per ft 
= temperature, in degrees Fahrenheit 

= molecular weight 

0.0013349 

= 0.24628 

= 1.1493 

= 3.2768x 10° 

= 4.1881x 10° 

= 0.0018427 


AMOA nt a ian 
It 


Procedure 
Step I: After knowing the temperature and molecular weight; check to see if they fall 
in the specified range. 
Step 2: Plug in the values for the constants A-F, the values for T and MW and 
calculate the thermal conductivity from equation (12B3.1-1). 
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12B3.1 


COMMENTS ON PROCEDURE 12B3.1 


Purpose 

Procedure 12B3.1 is to be used for estimation of the thermal conductivity of hydrocarbon 
vapor mixtures of undefined composition at low pressures where the vapor may be considered to 
be an ideal gas. Procedure 12B1.2 is more accurate and is preferable when the input data are 
available. For higher pressures, apply the pressure correction, Procedure 12B4.1. 


Limitations 

This method is an oversimplification which should be used only when other methods of the 
chapter are inapplicable. Procedure 12B3.1 must not be used for mixtures containing quantum 
gases (hydrogen, helium, or neon). 


Reliability 

This procedure is in error by an average of 10 percent except for mixtures containing 
appreciable quantities of hydrogen, helium, or neon where an average error of 25 percent is 
obtained. No data for petroleum fraction vapors are available for comparison. 


Literature Source 

This procedure is a regression of a figures which is a similar figure presented by Maxwell. 
"Data Book on Hydrocarbons." 215. D. Van Nostrand Company, Inc., Princeton, New Jersey 
(1950), based on thermal conductivity data of defined vapor mixtures from the following sources: 
26, 28, 29, 40, 42, 52, 59, 60, 89, 125, 126, 149, 164, 183. 


Example 
Calculate the thermal conductivity of a petroleum fraction vapor at a low pressure and a 
temperature of 455 F which has a molecular weight of 138 g/mol. The thermal conductivity ts 
calculated from equation (12B3.1-1) 


3 = 
~ 0.24628 1.1493 eel 5 anes e197 + 4:1881_x 10% — 0.0018427 
138 138? 138 138 2 


k = 0.0013349 


k = 0.01828 BTU per (hr)(sq ft)(deg F) per ft. 


12-39 


2000 LAs3 22.33 


Information Handling Services, 


2000 


STD-API/PETRO TDB CHAPTER L2@-ENGL 1952 MM O732290 OSb7ilc TTh 


12B4.1 


PROCEDURE 12B4.1 


THERMAL CONDUCTIVITY OF PURE HYDROCARBON GASES 
AT HIGH PRESSURES 


Discussion 

The following equations are to be used to predict the effect of pressure on the thermal 
conductivity of hydrocarbon gases when the pressure is greater than 50 pounds per square inch 
absolute: 


kik* = & hk *) + & d/k *) (12B4.1-1) 
Cc, C. 
Where: 

k = thermal conductivity at temperature and pressure of interest, in Btu per (hr)(sq 
ft) (deg F) per ft. 

k° = thermal conductivity at temperature of interest but at a low pressure (usually 
atmospheric, in Btu per (hr)(sq ft)(deg F) per ft. - 

C = isochoric heat capacity of the real gas, in Btu per (Ib-mole) (deg F). 

om = translational isochoric heat capacity of the real gas to be calculated from 
equation (12B4.1-7), in Btu per (lb-mole)(deg F). 

Ce = internal isochoric heat capacity of the real gas, C, - C,, in Btu per (Ib- 
mole)(deg F). 

(k/k*) = translational contribution to the thermal conductivity ratio which is given 
analytically as a function of T, and p, as equation (12B4.1-2). 

(k/k")'= internal contribution to the thermal conductivity ratio which is given 
analytically as a function of T, and P, as equation (12B4_1-5) for noncyclic 
hydrocarbons and as equation (12B4.1-6) for cyclic hydrocarbons. 

i reduced temperature, T/T,,. 

T = temperature, in degrees Rankine. 

Fa = critical temperature, in degrees Rankine. 

P, = reduced pressure, p/p.. 

p = pressure, in pounds per square inch absolute. 

P. = critical pressure, in pounds per square inch absolute. 

(kk *) = 1.0 + = + 0.537 =] [1.0 - exp(AP,’)| + 0.510 a exp(aP,") (12B4.1-2) 
Where: 
A = -0.0617 exp | 1% | (12B4.1-3) 
T, 
B = 2.29exp | = (12B4.1-4) 
a7 
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12B4.1 
For noncyclic hydrocarbons: 
. : 1.0 Pr P, 
(ck *Y noncyclic = 10+ 42) ego 2 (12B4.1-5) 
T, | 2.4472 + ps T, 
For cyclic hydrocarbons: 
- 0.520 P, P, 
(k/k *) cyclic = 1.0 + ——]——*___| + 0.009 = (12B4.1-6) 
T, (5.38 + p? T, 


The isochoric heat capacity, C,, can be obtained according to the methods of Chapter 7. 
The translational heat capacity can be calculated from the following equation: 
~o - \® 
; Cc, - Cc 
C, = 4.965 - Ril + Gag) (12B4.1-7) 


mg 
Mn 


gas constant = 1.986 Btu per (Ib-mole)(deg R). 


effect of pressure on isochoric heat capacity for the simple fluid which is 
obtained from Chapter 7. 


Or 
16 
wy) 
Qe 
4 
ee” 
7s 
& 
Nl 


The internal heat capacity, C,’, is then calculated as the difference between the total isochoric heat 
capacity and the translational capacity, C" = C,- C.. 


Procedure 
Step]: Obtain the critical temperature, T,, and the critical pressure, P,, from Chapter 1 
and determine the thermal conductivity of the low-pressure gas from 
Procedure 12B1.1 or 12B1.2. 
Step 2: Calculate the reduced temperature and the reduced pressure. 


ck, ~ \® 
; : , Clee 
Step 3: From Chapter 7, obtain the isochoric heat capacity, C,, and | ae . Use 


equation (12B4.1-7) to calculate the translational heat capacity, C,|, and then 
obtain the internal capacity, C= C,- Cy. 

Step 4: Calculate the coefficients A and B from equations (12B4.1-3) and (12B4. 1-4) 
and use these values in equation (12B4.1-2) to determine the translational 
contribution to the thermal conductivity ratio, (k/k’). 

Step 5: | Depending on compound type, use either equation (12B4.1-5) or (12B4.1-6) 
to calculate the internal contribution to the thermal conductivity ratio, (k/k’). 

Step 6: Obtain the thermal conductivity ratio from equation (12B4.1-1) and multiply 
the result by the low-pressure vapor thermal conductivity, k", to determine the 
thermal conductivity of the dense gas. 
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COMMENTS ON PROCEDURE 12B4.1 


Purpose 
Procedure 12B4.1 is presented for estimating a correction to the low-pressure thermal 


conductivity of hydrocarbons in the dense-gas region. 


Reliability 

Average errors between calculated and experimental thermal conductivities of dense gases 
are 10 percent except in the critical region, where 20-percent errors should be expected and errors 
as high as 70 percent can occur. 


Literature Source : 
This procedure is adapted from Crooks, M.S. thesis. The Pennsylvania State University, 


University Park, Pennsylvania (1978). 


Example 
Calculate the vapor-phase thermal conductivity of n-heptane at 472 F and 1450 psia. 
_From Chapter 1, the critical temperature of n-heptane is 512.69 F and the critical pressure 
is 397.41 psia. By using Procedure 12B1.4, k’ (572 F, 1 atm) = 0.02444 Btu per (hr)(sq ft)(deg 
F) per ft. The reduced temperature is (572 + 459.67)/(519.69 +459.67) = 1.061, and the reduced 
pressure is 1450/397.41 = 3.65. From Chapter 7, the total isochoric heat capacity is determined 


~° ~~ ©) . . . . 

to be 66.52 Btu per (ib-mole)(deg F) and | Cc, - | is -0.409. The translational isochoric heat 
R 

capacity is calculated by using equation (12B4.1-7): 


C, = 4.965 = 1.986 [1 + (-0.409)] 
C/ = 3.79 Btu per (Ib-mole)(deg F) 


The internal isochoric heat capacity is therefore (66.52 - 3.79) = 62.73 Btu per (Ib-mole)(deg F). 
The coefficients A and B are calculated by using equations (12B4.1-3) and (12B4.1-4): 


A = -0.0617 exp 19! | ~ o.189 
(1.061 )° 


B = -2.29 exp |__| - 3.95 
(1.061 y'6 


By using equation (12B4.1-2): 


3.65 


4.18 9 597_G-95) (-0.189 (3.65)°*) 
1) 


(k/k *Y=1.0+ ; [1.0 -exp(-0.189 (3.65 )**5))]+0.510 
(1.061 y* (1.061 
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(k/k*) = 1.0+ 5.04 + 0.0 = 6.04 


Because n-heptane is noncyclic, equation 912B4.1-5) is used to calculate the internal contribution 
to the thermal conductivity ratio: 


1.0 3.65)* 3.65 
(1.061 > |2.44(1.061 y° + (3.65)4] 1.061 


(ke = 1.0 + 


(k/k’Y = 1.0 + 0.712 + 0,041 = 1.753 


Therefore, using equation (12B4.1-1): 


3.79 62.73 
(k/k *) = —-~—(6.04) + (1.753) = 1.997 
66 .52 ; 66 .52 : 


The actual high-pressure thermal conductivity is (1.997)(0.02444) = 0.04881 Btu per (hr)(sq 
ft)(deg F) per ft. 


An experimental value (106) is 0.04813 Btu per (hr)(sq ft)(deg F) per ft. 
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PROCEDURE 12C1.1 
THERMAL CONDUCTIVITY OF SELECTED NONHYDROCARBONS 
Discussion 


The following equation is to be used to obtain the thermal conductivity of selected 
nonhydrocarbons at various temperatures and pressures. 


k-A+BT+cCr?+pp+Et + Feat gine (1211-1) 
| TT’? .4P-0.001T)°* 
Where: 
k = thermal conductivity in BTU per (hr)(sq ft)(deg F) per foot 
T = temperature in degrees Rankine 
P = _ pressure in pounds per square inch absolute 
Procedure 
Step 1: Obtain the constants for equation (12C1.1-1) from Table 12C1.2. 
Step 2: Check to see if the desired temperature and pressure are within the limitations 


of the equation. 
Step 3: Calculate the thermal conductivity using equation (12C1.1-1). 
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1201.1 


COMMENTS ON PROCEDURE 12C1.1 


Purpose 
Procedure 12C1.1 is to be used to estimate the thermal conductivity of selected 
nonhydrocarbons at various temperatures and pressures. 


Limitations 
Temperature Range (deg.R) Pressure Range (psia) 
Nitrogen 460 to 2,460 15 to 10,000 
Carbon Monoxide 460 to 2,460 15 to 10,000 
Oxygen 460 to 2,460 15 to 15,000 
Hydrogen 260 to 2,260 15 to 10,000 
Sulfur Dioxide (gas) 960 to 2,460 15 to 10,000 
Hydrogen Sulfide 460 to 2,460 Atmospheric 
Sulfur Trioxide 460 to 2,460 Atmospheric 


Procedure 12C1.1 is not recommended outside of the above ranges. 


Reliability 
The error for the data before regression did not exceed five percent. The average error 
for the regression was: 


Number of Tested Points Average Absolute % Error 


Nitrogen 155 1.69 
Carbon Monoxide 229 1.81 
Oxygen 151 1.88 
Hydrogen 77 1.72 
Sulfur Dioxide (gas) 96 2.98 
Hydrogen Sulfide 1] <0.5 
Sulfur Trioxide 1] 3.81 
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Literature Source 

Hydrogen - Schaefer and Thodos, Jnd. Eng. Chem. 60 1585 (1958). 

Oxygen, Nitrogen, Carbon Monoxide - Stiel and Thodos, The Prediction of Transport 
Properties of Pure Gaseous and Liquid Substances, in Progress in International Research on 
Thermodynamic and Transport Properties, Chapter 31, ASME, 1962. 

Sulfur Dioxide - Institute of Gas Technology Data Book. 

Sulfur Trioxide, Hydrogen Sulfide - Daubert, T. E., Danner, R. P., Data Compilation: 
Tables of Properties of Pure Compounds, American Institute of Chemical Engineers, New York 


(extant 1995). 


Example 

Calculate the thermal conductivity of oxygen at 984.67 degrees Rankine and 6075.0 
pounds per square inch absolute. 

Obtain the constants for oxygen from Table 12C1.2. They are: 


A =5.950 x 10% , 
B=1.710x 10° 
C = 0.000 

D = -2.100 x 10% 
E = 5.869 x 10° 
F = 6.995 x 10° 
G = 0.000 


Check to see if the temperature and pressure are within the limitations for oxygen. 
Limitations for oxygen are: 


T (R) 460 to 2,460 
P (psia) 15 to 15,000 


The temperature and pressure fall within the limitations. 


Calculate the thermal conductivity of oxygen using equation (12C1.1-1). 


6075 .0 
984 .67)2 


k =A +B x 984.67 + C x 984.677 + D x 6075.0 +E 
(12C1.1-1) 
ee a ee ee G in (6075 .0) 
(0.4 x 6075 .0 - 0.001 = 984.67)°°)5 


The calculated thermal conductivity is 0.03265 BTU per (hr)(sq ft)(deg F) per foot. 
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COMMENTS ON FIG. 12C1.3 THROUGH 12C1.12 | 


Purpose 
Thermal conductivity data for 10 common nonhydrocarbon gases are presented for avail- 
able temperature and pressure ranges. 


Reliability 

The maximum error for all atmospheric pressure data was slightly less than 5 percent with 
a mean error for individual gases from }.5 to 3.0 percent. High-pressure data errors did not 
exceed 5 percent. 


Literature Sources 

Hydrogen—Schaefer and Thodos, Ind. Eng. Chem. 50 1585 (1958). 

Oxygen, nitrogen, carbon monoxide, carbon dioxide, water, ammonia—Stiel and Thodos, 
“The Prediction of the Transport Properties of Pure Gaseous and Liquid Substances,’’ in 
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PREFACE 


The previous edition of Chapter 13, ‘‘Diffusivity,’’ was prepared in 1964. Since that 
time considerable new data and a number of improved correlation techniques for dif- 
fusivities have been published. Thus, in 1979 a complete revision of the diffusivity 
chapter was begun. The resulting chapter covers more types of systems and provides 
methods which yield lower average errors than the previously published chapter. Detailed 
results for all the evaluations used to select the contents of the revised chapter are given in 
Documentation Report 13-80 available from University Microfilms, Ann Arbor, Michi- 
gan. 

Work on this chapter was carried out by N. O. Umesi in conjunction with the project 
directors, R. P. Danner and T. E. Daubert. The work was reviewed periodically by the 
Subcommittee on Technical Data of the American Petroleum Institute. 


Ronald P. Danner 

Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, Pennsylvania 16802 
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DIFFUSIVITY 
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CHAPTER 13 
DIFFUSIVITY 


13-0 INTRODUCTION 


Diffusion of mass is the dissipation of a concentration 
(or chemical potential) gradient by molecular transport 
without overall mass flow. The diffusion coefficient is 
the proportionality constant between the diffusion rate and 
the concentration gradient causing diffusion. It is generally 
defined by Fick’s first law for unidirectional, binary-system 
diffusion. This equation, which follows, is valid only in 
nonturbulent systems: 


(13-0.1) 


W, = molar flow of species 1, in pound-mole per 
(hour) (square feet). 


= diffusion coefficient of species 1 in 2, in square 
feet per hour. 


C, = concentration of species 1, in pound-mole per 
cubic feet. 


L = distance, in feet. 


On differentiation, the rate of change of local concentra- 
tion with time (Fick’s second law) results: 


dC, @C, 
=D 13-0.2 
a 12 ore ( ) 
where t = time, in hours, Although other diffusion 


coefficients have been defined, the Fick diffusion coeffi- 
cient is the most common measure of diffusional tendency. 
Accordingly, only Fick ordinary diffusion coefficients are 
predicted by the methods in this chapter. 

The primary application of diffusion coefficients in 
chemical engineering calculations is in the Schmidt 
number, ;4/pD, which is used generally to correlate mass 
transfer properties. The equations are useful in reaction 
rate calculations for which the rate of diffusion to a 
catalyst is important. 

Unfortunately, experimental diffusion coefficients are 
usually not precise, particularly in the liquid phase. The 
correlations that were developed from these data necessar- 
ily reflect this experimental uncertainty. Although the 
reliability quotations for the correlations in this edition are 
not low, they are superior to those quoted in the last edition. 
The estimated diffusion coefficients are suitable for most 
engineering applications. 


1980 


Liquid Systems 


Because no single correlation is satisfactory for es- 
timating properties for all systems involving liquid solu- 
tions, two correlations are presented for the estimation of 
diffusion coefficients in dilute binary liquid mixtures. In 
some molecules, uneven spatial distribution of electronic 
charges about the positively charged nucleus gives these 
molecules permanent dipoles. These molecules are, by 
definition, polar. Typical polar compounds include 
acetone, acetaldehyde, and methyl] ether. The dipole- 
dipole interaction from these permanent dipole moments is 
not always an adequate description of the interactions 
between polar molecules because other localized effects 
do occur. For instance, the molecules of some pure polar 
liquids such as water, carboxylic acids, and alcohols occur 
in aggregated forms due to specific forces such as hydro- 
gen bonding. These compounds are called associating 
compounds. 

Symmetrical molecules, such as carbon tetrachloride, 
benzene, and methane, have dipole moments of zero. 
These substances are called nonpolar molecules. Using 
these definitions, Procedure 13A1.1 is presented for the 
estimation of diffusion coefficients in binary nonpolar 
liquid systems at high dilution of the solute. Procedure 
13A1.3 is given for the estimation of diffusion coefficients 
in binary systems at high dilution of the solute when either 
the solvent is polar (or associating) and the solute is 
nonpolar, or both components are polar (or associating). 
Procedure 13A1.5 and 13A2.1 are presented as the re- 
commended methods for estimating diffusivities in con- 
centrated solutions and liquid mixtures of more than two 
components, respectively. These procedures are semiem- 
pirical in nature; the more theoretical methods are not 
sufficiently accurate for general utility. 


Gaseous Systems 


Two semiempirical correlations are given for estimating 
diffusion coefficients in low-pressure binary gaseous sys- 
tems. Procedure 13B1.1 is recommended for binary 
hydrocarbon-hydrocarbon systems and Procedure 13B1.2 
is recommended for estimating diffusion coefficients in 
binary air-hydrocarbon systems. 

A correction chart for high pressures, Figure 13B1.4, is 
more empirical in nature and is retained from the last 
edition. This pressure correction term, although based on 
very few data, predicts diffusion coefficient values that are 
suitable for most engineering applications. The binary 
gaseous diffusion coefficients can be combined, using 
Procedure 13B2.1 to obtain a multicomponent diffusion 
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coefficient value that is satisfactory for most engineering liquids. It is the same method used in Procedure 13A1.1. 
applications. The correlation was developed for use with gas-liquid 

systems and with nonpolar liquid-liquid systems (at high 
Gas-Liquid Systems dilution of the solute). 


Procedure 13C1.1 is recommended for estimating the 
diffusion coefficients of dissolved gases diffusing into 
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PROCEDURE 13A1.1 


DIFFUSION COEFFICIENTS IN BINARY NONPOLAR LIQUID 
SYSTEMS AT HIGH DILUTION OF THE SOLUTE 


Discussion 


The following equation is recommended for estimating diffusion coefficients in binary 
nonpolar liquid systems at high dilution of the solute. 


T 
Dy, 2 = 5.922 x 10-8 = (13A1.1-1) 
BR, 
Where: 
D,,. = diffusion coefficient of solute (component 1) in solvent (component 2), in square feet per 
hour. 
T = temperature, in degrees kankine. 
_@= viscosity of solution (considered as pure solvent), in centipoise. 
R, = radius of gyration of solvent, in angstrom units. 
R, = radius of gyration of solute, in angstrom units. 
Procedure 


Step 1: Obtain R, and R, from Table 131.2. In the absence of experimental data, estimate yp 
using the procedures of Chapter 11. 
Step 2: Calculate D,, » from equation (13A1.1-1). 
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COMMENTS ON PROCEDURE 13A1.1 


Purpose 


Procedure 13A1.1 is presented primarily for the estimation of diffusion coefficients in dilute (less 
than 5 mole percent solute) binary nonpolar liquid solutions (for example, solutions of hydrocarbons 
and carbon tetrachloride/hydrocarbons). Indirectly, it is also used to estimate diffusion coefficients 
in nonpolar concentrated solutions (with Procedure 13A1.5) and nonpolar multicomponent liquid 
solutions (with Procedure 13A2.1). 


Limitations 

Equation (13A1.1-1) was developed from hydrocarbon/hydrocarbon and hydrocarbon/carbon 
tetrachloride data at a solute concentration less than 5 mole percent. For systems involving water 
and other polar or associating compounds, use Procedure 13A1.3. 


Reliability 

For the systems to which this equation applies, experimental data are reproduced to within an 
average of 16 percent with occasional errors of 30 percent. Umesi (11) has shown that this equation 
gives good results for polar solutes diffusing into nonpolar solvents. For polar-polar systems, 
however, the calculated coefficients tend to be 15 to 50 percent too low. 


Special Comments 
For concentrated solutions (more than 5 mole percent solute) the coefficients from this procedure 


must be combined using Procedure 13A1.5. For multicomponent solutions the use of Procedure 
13 A2.1 is recommended. A table of R values is given in Reid et al. (7) for 250 compounds. 


Literature Source 


Equation (13 Al .1-1) was developed by Umesi (M.S. Thesis, The Pennsylvania State University, 
1980). 


Example 

Estimate the diffusion coefficient of n-decane in a binary liquid solution of n-decane and 
n-heptane at 77 F. 

The viscosity of the solution (considered as the viscosity of pure n-heptane) at 77 F is 0.3984 
centipoise. n 

From,Table 13A1.2, the radius of gyration of n-heptane is 4.2665 A and that of n-decane is 
5.5390 A. The diffusion coefficient is calculated using equation (13A1.1-1). 


_ (5.922 x 10-8) (77 + 459.7)(4.2665) 
12 (0.3984) (5.5390) % 


= 1.09 x 10-4 sq ft per hr 


An experimental value of 1.19 x 10°* square feet per hour is available. The predicted value 
represents an absolute deviation of 8.4 percent from the experimental value. 
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Paraffins 
Methane 

Ethane 

Propane 
n-Butane 
2-Methylpropane 


n-Pentane 
2-Methylbutane 
2,2-Dimethylpropane 
n-Hexane 
2-Methylpentane 


3-Methylpentane 
2,2-Dimethy] butane 
2,3-Dimethylbutane 
n-Heptane 
2-Methylhexane 


3-Methylhexane 

2,2-Dimethylpentane 
2,3-Dimethylpentane 
2,4-Dimethylpentane 
3,3-Dimethylpentane 


2,2,3-Trimethylbutane 
n-Octane 
2-Methylheptane 
3-Methylheptane 
4-Methylheptane 


2,2-Dimethylhexane 
2,3-Dimethylhexane 
2,4-Dimethylhexane 
2,5-Dimethylhexane 
3,3-Dimethylhexane 


3,4-Dimethylhexane 

2,2,3-Trimethylpentane 
2,2,4-Trimethylpentane 
2,3,3-Trimethylpentane 
2,3,4-Trimethylpentane 


n-Nonane 
2,2,3,3-Tetramethylpentane 
n-Decane 

n-Undecane 

n-Dodecane 

n-Tetradecane 
n-Pentadecane 
n-Hexadecane 


Napthenes 

Cyclohexane 
Methylceyclohexane 
1,1-Dimethylcyclohexane 
cis-1,2-Dimethylcyclohexane 
trans-1,2-Dimethylcyclohexane 


cis-1,3-Dimethylcyclohexane 
trans-] ,3-Dimethylcyclohexane 
cis-1,4-Dimethylcyclohexane 
trans-1,4-Dimethylcyclohexane 


Olefins 
Ethene 
Propene 


TABLE 13A1.2 
RADIUS OF GYRATION 


Radius of Gyration 
(Angstroms) 


1.1234 
1.8314 
2.4255 
2.8885 
2.8962 


3.3850 
3.3130 
3.1530 
3.8120 
3.8090 


3.6797 
3.4846 
3.5209 
4.2665 
4.2779 


4.1454 
4.0001 
3.9210 
3.9634 
3.7952 


3.6960 
4.6804 
4.7401 
4.5932 
4.5581 


4.4956 
4.4084 
4.3463 
4.5932 
4.3197 


4.4000 
4.1618 
4.1714 
4.0859 
4.2052 


5.1263 
4.1556 
5.5390 
5.9867 
6.4321 
7.3578 
7.8387 
8.3180 


3.2605 
3.7467 
4.0925 
4.0612 
4.1814 


4.0549 
4.1462 
4.1446 
4.1670 


1.5382 
2.2283 
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1-Butene 
cis-2-Butene 
trans-2-Butene 
2-Methylpropene 
1-Pentene 


cis-2-Pentene 
trans-2-Pentene 
2-Methyl-1-butene 
2-Methyl-2-butene 
1-Hexene 


trans-2-Hexene 
1-Heptene 
1-Octene 
1-Nonene 
1-Decene 


1-Undecene 
1-Dodecene 
1-Tridecene 
1-Tetradecene 
1-Pentadecene 


1-Hexadecene 
1,2-Butadiene 

2 ,3-Pentadiene 
Ethyne (acetylene) 
Propyne 

1-Butyne 


Aromatics 

Benzene 
Methylbenzene 
Ethylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 


1,4-Dimethylbenzene 
Isopropylbenzene 
1-Methyl-2-ethylbenzene 
1-Methy]-3-ethylbenzene 
1-Methy]-4-ethylbenzene 


1,2,3-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,3,5-Trimethylbenzene 
1-Methyl-3-isopropylbenzene 
1-Methyl-4-isopropylbenzene 


1,2,3,4-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
1,2,4,5-Tetramethylbenzene 


Halogenated C ompounds 
Trichloromethane 
Tetrachloromethane 
Chloroethane 
1,1-Dichloroethane 
1,2-Dichloroethane 


1,1,1-Trichloroethane 
Chloroethene 
cis-1,2-Dichloroethene 
trans-1,2-Dichloroethene 
Trichloroethene 
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Radius of Gyration 
(Angstroms) 


2.7458 
2.7765 
2.7123 
2.8281 
3.1956 


3.2763 
3.2826 
3.2239 
3.2301 
3.6472 


3.6964 
4.0971 
4.5342 
4.9687 
5.4017 


5.8389 
6.2966 
6.7514 
7.2244 
7.6969 


8.1872 
2.7497 
3.0552 
1.1095 
1.8864 
2.7130 


3.0037 
3.4431 
3.8211 
3.7889 
3.8966 


3.7962 
4.1870 
4.1296 
4.2845 
4.1662 


4.0996 
4.1678 
4.3408 
4.5790 
4.5231 


4.3779 
4.4920 
4.4512 


3.1779 
3.4581 
2.2812 
2.9945 
2.8510 


3.3566 
2.1220 
3.0132 
3.0132 
3.7592 
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13A1.3 
PROCEDURE 13A1.3 
DIFFUSION COEFFICIENTS IN BINARY POLAR OR ASSOCIATING 
LIQUID SYSTEMS AT HIGH DILUTION OF THE SOLUTE 
Discussion 
The following equation is recommended for estimating diffusion coefficients in dilute binary 
liquid systems involving polar or associating solvents. The equation may be used directly or 
approximated conveniently with the nomograph in Figure 13A1.4. 
(dp. M,)* T 
= —7 APR Aes s 
D,,2 = 1.59 x 10 PEA (13A1 3-1) 
Where: 
d, = association parameter for the solvent. 
M,= molecular weight of the solvent. 
Vi = molar volume of solute at the normal boiling point, given byV, = 0.285 V,.}-®, in cubic 
centimeter per gram mole. 
V, = critical volume, in cubic centimeter per gram mole. 
= viscosity of the pure solvent, in centipoise. 
T = temperature, in degrees Rankine. 
Procedure 
Step 1: Obtain M2 and V,, from Chapter 1 and V, from the equation given above. In the absence 
of experimental data, estimate ~ using the procedures of Chapter 11. 
Step 2; Determine the association parameter, ,, for the solvent from the tabulation below: 
$2 
Ethyl Alcohol 1.5 
Methyl Alcohol 1.9 
Water 2.6 
Other Associating Solvents 1.0-2.6 
Step 3: Obtain D,, . directly from equation (13A1.3-1) or with nomograph, Figure 13A1.4. 
1980 13-7 
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COMMENTS ON PROCEDURE 13A1.3 


Purpose 


Procedure 13A1.3 is presented primarily for the estimation of diffusion coefficients in dilute (less 
than 5 mole percent solute) polar or associating binary liquid solutions. Those coefficients are also 
required to estimate diffusivities in polar or associating concentrated solutions (with Procedure 
13A1.5) and polar or associating multicomponent liquid solutions (with Procedure 13A2.1). 


Limitations 


For most associating systems other than methanol, ethanol, and water, the association parameter is 
arbitrarily assigned according to an estimate of the degree of association of the solvent (see step 2). 
The diffusion coefficient estimated with this equation is not very accurate when more than 5 mole 
percent solute is present in the solution. 


Reliability 

Equation (13A1.3-1) reproduces experimental data of associating binary liquid systems with an 
average deviation of 20 percent, with occasional errors of 35 percent. It should not be used for 
systems in which the solvent is a hydrocarbon because calculated coefficients are too small when 
compared to the experimental values. Higher errors occur when the diffusing molecule is much 
smaller than the solvent. 


Special Comments 


For concentrated solutions (more than 5 mole percent solute) of polar or associating systems, the 
coefficients from this procedure must be combined using Procedure 13A1.5. For multicomponent 
solutions of polar or associating systems, Procedure 13A2.1 is appropriate. 


Literature Sources 


Equation (13A1.3-1) was developed by Wilke and Chang, AIChE Journal 1 264 (1955). The 
correlation between molar volume at the normal boiling point and the critical molar volumes was 
developed by Tyn and Calus, Processing 21 [4] 16 (1975). 


Example 


Estimate the diffusion coefficient of benzene in a binary liquid solution of benzene and water at 
68 F 

The viscosity of the solution (considered as the viscosity of pure water) at 68 F is 0.95 centipoise. 

From Chapter 1, Mz = 18.015. The molar volume of benzene at the normal boiling point is 96.35 
cm?/gmole. For water, the association factor is 2.6. The diffusion coefficient is calculated using 
equation (13A1.3-1). 


1.59 x 1077 (2.6 x 18.015) !”2 (68 + 459.7) 
0.95 (96.35) 9 


Di > 


3.90 x 1075 square feet per hour 


An experimental value of 4.57 x 10> square feet per hour is available; an absolute deviation of 
14.7 percent. 
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13A1.4 


FIGURE 13Al.4 
DIFFUSION COEFFICIENTS 
IN DILUTE BINARY POLAR 
OR ASSOCIATING LIQUIDS 
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COMMENTS ON FIGURE 13A1.4 


Purpose 


Figure 13A1.4 is a convenient representation of equation (13A1.3-1) for estimating diffusion 
coefficients in dilute (less than 5 mole percent solute) polar or associating binary liquid solutions. 


Limitations 


For most associating systems other than methanol, ethanol, and water, the association 
parameter has to be arbitrarily assigned according to an estimate of the degree of association of 
the solvent (see step 2 of Procedure 13A1.3). The diffusion coefficient estimated with this equation 
is not very accurate when more than 5 mole percent solute is present in the solution. 


Notation 


‘= viscosity of solution (considered as pure solvent), in centipoise. 


T = temperature, in degrees Rankine. 
M, = molecular weight of solvent. 
¢, = association parameter for the solvent. 
V, = solute molar volume at the normal boiling point, in cubic centimeters per gmole. 
D,,, = diffusion coefficient of solute (component 1) in solvent (component 2), in square feet per 


hour. 


Reliability 

Figure 13A1.4 is a representation of equation (13 Al .3-1) which reproduces experimental data 
for polar or associating binary liquid systems to an average deviation of 25 percent, with 
occasional errors of 50 percent. An additional uncertainty of approximately 5 percent is 
introduced with the nomograph. This figure should not be used for systems in which the solvent is 
a hydrocarbon. 


Special Comments 


For concentrated solutions (more than 5 mole percent solute) of polar or associating systems, 
the coefficients from this figure must be combined using Procedure 13A1.5. For multicomponent 
solutions of polar or associating systems, Procedure 13A2.1 is necessary. 


Literature Source 
This nomograph was adapted from Kuong, Chem. Eng. 68 [12] 258 (1961). 


Example 


Estimate the diffusion coefficient of benzene in a binary liquid solution of benzene and water at 
68 F. To obtain a solution, follow the steps outlined in Procedure 131.3 with the values of the 
parameters as given. The nomograph parameters are calculated below: 


B_ O95 _ centipoise 
fF Sg 7 OONso degrees Rankine 
do My = 46.84 


V, = 96.38 cm3/gmole 


be 
Connect 0.00180 on the T scale of Figure 13A1.4 with 46.84 on the @ Mz scale, and locate a 
point on the reference line. Connect this reference line with 96.38 on the V, scale and read the 
diffusion coefficient on the D,, » scale. 
The estimated coefficient is 4.02 x 10~* square feet per hour which compares favorably with 
the value of 3.90 x 107* square feet per hour calculated from equation (13A1.3-1). The 
experimental value is 4.57 X 1075 square feet per hour. 
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13A1.5 
PROCEDURE 13A1.5 
DIFFUSION COEFFICIENTS IN CONCENTRATED 
BINARY NONPOLAR LIQUID SYSTEMS 

Discussion 

For concentrated binary liquid solutions (more than 5 mole percent solute), Procedures 13A1.1 
and 13A1.3 are not accurate. The following equation should be used: 

Di, m = %,D3,, + A — x1) D3, 2 (3 Al.5-1) 

Where: 

D = diffusion coefficient (Dj, , for the concentrated solution, and D?, , and D3, , for the 

dilute solution), in square feet per hour. 
x = mole fraction. 

Subscripts ,; and g = species | and 2. 

There are no viscosity terms, only mole fractions of the components and diffusion coefficients 
of one component in the other as the concentration of the diffusing component approaches zero. 
Procedure 

Step 1: If experimental data are not available, estimate the dilute binary coefficients with 
Procedure 13A1.1 or 13A1.3 (depending on the chemical nature of the system). 

Step 2: Calculate the binary diffusion coefficient in the concentrated mixture using equation 
(3 A1.5-1). 
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COMMENTS ON PROCEDURE 13A1.5 


Purpose 


Equation (13A1.5-1) is a correction applied to dilute solution diffusion coefficients when dealing 
with concentrated binary solutions (more than 5 mole percent solute). 


Limitations and Reliability 


In addition to being entirely empirical, equation (13A1.5-1) is based on very few data. Use of it for 
solutions containing polar or associating compounds may result in substantial error. However, when 
used for hydrocarbon systems in conjunction with Procedure 13A1.1, experimental data are repro- 
duced with an average deviation of 14.0 percent. 


Literature Source 


Equation (13A1.5-1) was developed by Caldwell and Babb, J. Phys. Chem. 60 51 (1956) and cited 
by Sanchez and Clifton, Ind. Eng. Chem. Fundam. 16 318 (1977). 


Example 


Estimate the diffusion coefficient of methylbenzene (1) in a binary liquid solution composed of 
0.40 mole fraction methylbenzene and 0.60 mole fraction cyclohexane (2) at 104 F and 14.7 pounds 
per square inch absolute. 

The dilute binary solution diffusion coefficients are obtained from Procedure 13A1.1 as 7.32 x 10° 
square feet per hour for methylbenzene in cyclohexane at 104 F and 1.14 x 10~* square feet per hour 
for cyclohexane in methylbenzene at 104 F (see Procedure 13A1.1). 

The concentrated solution diffusion coefficient is then calculated using equation (13A1.5-1): 


Dy m = [0.40 (11.4) + 0.60 (7.32)] x 105 
= 8.95 x 10° square feet per hour 


An experimental value of 8.76 x 10> square feet per hour is available. This represents an absolute 
deviation of 2.2 percent. 
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PROCEDURE 13A2.1 
DIFFUSION COEFFICIENTS IN MULTICOMPONENT LIQUID SYSTEMS 


Discussion 


The following equation estimates diffusion coefficients in multicomponent liquid systems 
consisting of nonpolar components from the binary coefficients of the component pairs (with 
reference to the dilute solute) in the mixture: 


Di, m ben = Di. 2 Me)*? D7, 5 Mg)... (13A2.1-1) 


Where: 


D,, m = diffusion coefficient for the diffusion of solute 1 with reference to the multicomponent 
mixture, in square feet per hour. 


D7; = diffusion coefficient of the binary pairs G = 2,3, . . .) at infinite dilution of the solute, 
in square feet per hour (obtained from Procedure 13A1.1 or 13A1.3). 
x; = mole fraction of component j in the mixture. 
4; = viscosity of component j, in centipoise. 
Mm = viscosity of mixture, in centipoise. 


The binary pairs referred to are the solute and individual components of the mixture. This 
formulation assumes that the solute is dilute and that there are no concentration gradients for the 
solvent species. One can, therefore, speak of a single solute diffusivity D,, ,, with respect to the 
mixture. 


Procedure 


Step I: If experimental data are not available, estimate the dilute binary diffusion coefficients 
with Procedures 13A1.1 or 13A1.3 (depending on the chemical nature of the system). 

Step 2: Obtain the pure-component and mixture viscosities from Chapter 11 if no experimental 
viscosity values are available. 

Step 3: Using equation (13A2.1-1), calculate the mixture diffusion coefficient (i.e., the single 
solute diffusivity with respect to the mixture). 
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COMMENTS ON PROCEDURE 13A2.1 


Purpose 


Equation (13 A2.1-1) is recommended for the estimation of diffusion coefficients in multicom- 
ponent liquid systems from the binary coefficients of the component pairs (see Procedure 13A1.1). 


Limitations and Reliability 


Equation (13.A2,i-1) has a semiempirical basis but has been tested with very few data points 
for nonpolar systems involving three components. Use of the equation for solutions containing 
polar or associating compounds may result in substantial errors. 


Literature Source 


Equation (13 A2.1-1) was developed by Leffler and Cullinan, Jnd. Eng. Chem. Fundam. 9 88 
(1970). 


Example 


Estimate the diffusion coefficient of methylbenzene in a mixture consisting of 0.786 n-hexane 
and 0.214 cyclohexane at 77 F. The viscosity of n-hexane at 77 F is 0.2985 centipoise, that of 
cyclohexane at 77 F is 0.898 centipoise. The mixture viscosity which may be estimated from the 
recommendations of Chapter 11 is 0.3918 centipoise. The infinite dilute solution binary diffusion 
coefficients are obtained from Procedure 13A1.1 as 1.78 1074 square feet per hour for methylbenzene 
in n-hexane at 77 F and 5.08 X 107° square feet per hour for methylbenzene in cyclohexane 
at 77 F. 

The multicomponent diffusion coefficient is then calculated using equation (13 A2.1-1): 


{[(1..78 x 10~4)(0.2985))-** [(5.08 x 10-5)(0.898)]°244} 
0.3918 


Di m= 
= 1.31 X 107+ square feet per hour 


An experimental value of 1.59 x 107-4 square feet per hour is available. 
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PROCEDURE 13B1.1 


DIFFUSION COEFFICIENTS IN BINARY GAS SYSTEMS AT 
LOW PRESSURES—HYDROCARBON/HYDROCARBON SYSTEMS 


Discussion 


The following equation is recommended for estimating diffusion coefficients in binary gas 
systems of hydrocarbon-hydrocarbon components at pressures less than 500 pounds per square inch 
absolute. 


l 1 is 
71.5 ire Cree 
0.1014 7 M, M, 
p { Vv," 4 v,"\2 


Di.2= (13B1.1-1) 


Where: 


M, = molecular weight of solute. 


M, = molecular weight of solvent. 
T = temperature, in degrees Rankine. 
D,,, = diffusion coefficient of component 1 in component 2, in square feet per hour. 
P= pressure, in pounds per square inch absolute. 
V; = molar volume of solute at the normal boiling point, given by V; = 0.285 V,}-° @ = 1,2) 
in cm3/gmole. 
Procedure 


Step 1: From Chapter 1, obtain the molecular weights, M,, M. and the critical volumes V,, and 
Veo. 
Step 2: Calculate the molar volume at the normal boiling point. 
Step 3: With the temperature and pressure known, calculate the diffusion coefficient using 
equation (13B1.1-1). 
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COMMENTS ON PROCEDURE 13B1.1 


Purpose 


Procedure 13B1.1 is presented primarily to estimate diffusion coefficients in binary vapor systems 
consisting of hydrocarbon-hydrocarbon components at pressures less than 500 pounds per square 
inch absolute, 


Limitations 


Equation (13B1.1-1) is not accurate for pressures greater than 500 pounds per square inch absolute. 
The constant gives the best fit to the data available and hence is restricted to systems consisting of 
hydrocarbon-hydrocarbon components. 


Reliability 

Equation (13B1.1-1) is an empirical equation which does not require use of the collision diameter 
that is generally associated with more theoretical methods based on the kinetic theory of gases. 
Nevertheless, it reproduces experimental hydrocarbon-hydrocarbon diffusivity data to an average 
deviation of not more than 4 percent. Also, the parameters associated with equation (13B1.1-1) are 
easier to obtain than those associated with more theoretical methods. 


Special Comments 


If the desired pressure is greater than 500 pounds per square inch absolute, use a convenient low 
pressure in equation (13B1.1-1) and apply the pressure correction (Figure 13B1.4) to the resulting 
diffusion coefficients. For diffusion in a multicomponent vapor, combine the binary coefficients using 
Procedure 13B2.1. For systems involving air, use Procedure 13B1.2. 


Literature Sources 


Equation (13B1.1-1) was developed by Gilliland, Ind. Eng. Chem. 26 681 (1934). The correlation 
between the molar volume at the normal boiling point and the critical molar volume was developed 
by Tyn and Calus, Processing 21 [4] 16 (1975). 


Example 


Estimate the diffusion coefficient of n-hexane vapor diffusing into methane at 50 F and 14.7 pounds 
per square inch absolute pressure. 

From Chapter 1, the molecular weights are: n-hexane (Mj) = 86.18; methane (4/4) = 16.04. The 
critical molar volumes are n-hexane (V, ,) = 370.17 cm?/gmole; methane (V,>) = 99.23 cm?/gmole. 
The molar volumes at the normal boiling points are n-hexane (V,) = 140.13 cm?/gmole; methane 
(Vo) = 35.27 cm*/gmole. 

The diffusion coefficient is calculated using equation (13B1.1-1): 


I 17 0.5 


86.18 16.04 | 
14.7 [ (140.13) 173 + (35.27) 173)? 


0.1014 (50 + 459.7) 1° L 


D2 = 


= 0.301 square feet per hour 


An experimental value of 0.2914 square feet per hour is available. This estimated value represents 
a deviation of 3.3 percent from the experimental value. 
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PROCEDURE 1381.2 


DIFFUSION COEFFICIENTS IN BINARY GAS SYSTEMS 
AT LOW PRESSURES—AIR/HYDROCARBON SYSTEMS 


Discussion 


The following equation is recommended for the estimation of diffusion coefficients in binary 
gas systems of air-hydrocarbon components at pressures less than 500 pounds per square iach 
absolute. 


0.5 


1 1 
W758 =o 
0.0204 T tar Ma 


Pp {(, v, ib + (22 vy; ys]? 


Di2= (13B1.2-1) 


Where: 


>,¥; = sum of atomic diffusion volumes of component j (see Table 13B1.3). 
T = temperature, in degrees Rankine. 
p = pressure, in pounds per square inch absolute. 
D,, 2 = diffusion coefficient of component 1 in component 2, in square feet per hour. 


Procedure 
Step 1: From Chapter 1, obtain the molecular weights, @, and Mp. 


Step 2: From Table 13B1.3, obtain 2;v;. 
Step 3: With the temperature and pressure known, calculate the diffusion coefficient using 


equation (13B1.2-1). 
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COMMENTS ON PROCEDURE 13B1.2 


Purpose 


Procedure 13B 1.2 is presented primarily for the estimation of diffusion coefficients in binary vapor 
systems consisting of air-hydrocarbon components at pressures less than 500 pounds per square inch 
absolute. 


Limitations 


Equation (13B1.2-1) is not accurate for pressures greater than 500 pounds per square inch absolute. 
The constants were chosen to give the best fit to the data used in the development of the correlation. 
Thus, the results can be no more reliable than the diffusion data. 


Reliability 


Its empirical nature notwithstanding, equation (13B1.2-1) reproduces experimental air-hydro- 
carbon diffusivity data with an average deviation of not more than 9 percent. The nature of the atomic 
and structural diffusion volumes is such that diffusion coefficients in a wider range of nonhydro- 
carbon systems can also be estimated. 


Special Comments 


If the desired pressure is greater than 500 pounds per square inch absolute, use a convenient low 
pressure in equation (13B1.2-1) and apply the pressure correction (Figure 13B1.4) to the resulting 
diffusion coefficients. For diffusion in a multicomponent vapor, combine the binary coefficients using 
Procedure 13B2.1. For hydrocarbon-hydrocarbon systems, use Procedure 13B1.1. 

Literature Sources 

Equation (13B1.2-1) and Table 13B1.3 were developed by Fuller, Schettler, and Giddings, Ind. 
Eng. Chem. 58 19(1966). 

Example 


Estimate the diffusion coefficient of benzene vapor diffusing into air at 86 F and 14 pounds per 
square inch absolute pressure. 

From Chapter 1, the molecular weights are benzene (M,) = 78.11; air (M3) = 28.86. From Table 
13B 1.3, the diffusion volumes are: 


Z| v; (benzene) = 6 (16.5) + 6 (1.98) — 1 (20.2) = 90.68 
Xv; (air) = 20.1 


The diffusion coefficient of benzene vapor in air at 86 F and 14.7 pounds per square inch absolute 
is calculated using equation (13B 1.2): 


05 


1 1 
(86 + 459.7) if 7811 * 28.86 


Di 2 = 0.0204 z 
14.7 [ (90.68) !73 + (20.1) 173] 


= 0.358 square feet per hour 


An experimental value of 0.357 square feet per hour is available. This estimated value represents 
a deviation of 0.28 percent. 
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13B1.3 


TABLE 13B1.3 


ATOMIC DIFFUSION VOLUMES FOR USE IN PROCEDURE 1381.2 


Atomic and Structural Diffusion- Volume 


Src are 16.5 

Fe ehiceee a3 1.98 
ODN secre. 3 5.48 
IN® ascties (5.69) 


Increments v 


Aromatic ring ........ —20.2 
Heterocyclic ring ..... —20.2 


Diffusion Volumes for Simple Molecules 


Heit sh aetkee 7.07 
Dynix 6.70 
Hee os esss 2.88 
No ...-..-.. 17.9 
Oo sedis 16.6 
AIP ted si 20.1 
ATS nies cele: 16.1 
Kite. eeii id 22.8 
MEss cies as (37.9) 


* Parentheses indicate that the value listed is based on only a few data points. 
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13B1.4 
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COMMENTS ON FIGURE 13B1.4 


Figure 13B1.4 is presented for estimating the effect of pressure on binary gas diffusion coefficients 
when the desired pressure is greater than 500 pounds per square inch. It is applicable to both hydro- 
carbon/hydrocarbon systems and air/hydrocarbon systems. 


Limitations 


This figure is based on very few experimental data. 


Reliability 


Published experimental data are not available to evaluate the figure. The estimated reliability is 
SO percent. 


Notation 


pD,_2 = product of the pressure and binary diffusion coefficient at a pressure greater than 500 
pounds per square inch absolute. 
(pD\,2)° = same product at a convenient pressure below 500 pounds per square inch absolute in 
consistent units. 
p = pressure of the system, in pounds per square inch absolute. 
Ppe = pseudocritical pressure of the mixture, in pounds per square inch absolute. 
T = temperature of the mixture, in degrees Rankine. 
Tc = pseudocritical temperature of the mixture, in degrees Rankine. 


Special Comments 


In the absence of experimental data, use Procedure 13B1.1 or Procedure 13B1.2 (depending on the 
type of system) to determine (pDj 4)°. For a multicomponent mixture at high pressure, the binary 


diffusion coefficients from this figure should be used in conjunction with Procedure 13B2.1. 


Literature Sources 


This figure was developed by Slattery and Bird, AIChE Journal 4 137 (1958) and reproduced in 
Bird et al., Transport Phenomena, John Wiley and Sons, Inc., New York (1960). 


Example 


Estimate the diffusion coefficient of n-hexane vapor diffusing into methane at 50 F and 600 pounds 
per square inch absolute. 

In the absence of experimental data, calculate the diffusion coefficient for n-hexane in methane at 
50 F and a convenient pressure less than 500 pounds per square inch absolute using Procedure 
13B1.1. From the example of Procedure 13B1.1, D% 2 = 0.301 square centimeter per second at 
14.7 pounds per square inch absolute. The pseudocritical properties of the predominantly methane 
mixture are taken as 343 R and 667 pounds per square inch absolute. The reduced pressure is there- 
fore 0.8995 and the reduced temperature is 1.486. From Figure 13B1.4, 


The desired coefficient is: 


Di 2 


(0.86) (pD, )°/p 


(0.86) (14.7) (0.301) 
600 


0.0063 square feet per hour. 
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PROCEDURE 13B2.1 
DIFFUSION COEFFICIENTS IN MULTICOMPONENT GAS SYSTEMS 


Discussion 


The following equation is recommended for the estimation of diffusion coefficients in multicomp- 
nent gaseous systems from the binary coefficients of the component pairs in the mixture: 


1 2 
Di2,3,...0= ¥ (13B2.1-1) 
D,, 2 D,, 3 D,, n 
Where: 
D,,2,3,...n = diffusion coefficient of component 1 in the n-component mixture, in square feet 
per hour. 
D,,; = binary diffusion coefficient of component 1 in component i, in square feet per 
hour (i # 1). 
y; = mole fraction of component / in the mixture. 
Procedure 


Step I: Obtain all the necessary gas binary diffusion coefficients. In the absence of 
experimental data use the procedures of section 13B1. 
Step 2: Calculate the multicomponent diffusivity using equation (13B2.1-1). 
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COMMENTS ON PROCEDURE 13B2.1 


Purpose 


This procedure is useful for estimating diffusion coefficients in multicomponent vapor systems 
from the binary coefficients of the component pairs in the mixture. 


Limitations 
Equation (13B2.1-1) is based on very few experimental data for vapor systems, most of which 
are nonhydrocarbons (usually hydrogen). 


Reliability 

Few published experimental data are available to evaluate equation (13B2.1-1). It is estimated 
that approximately 5 percent uncertainty is added to errors in the binary coefficients when using 
this equation. 


Literature Source 
Equation (13B2.1-1) was developed by Wilke, Chem. Eng. Progr. 46 95 (1950). 


Example 


Estimate the diffusion coefficient of n-hexane at 50 F and 14.7 pounds per square inch absolute 
pressure in a gaseous mixture containing 0.01 mole fraction n-hexane, 0.03 mole fraction 
propane, and 0.96 mole fraction methane. 

The diffusion coefficients of n-hexane in propane and n-hexane in methane are first calculated 
using Proedure 13B1.1. From the example for Procedure 13B1.1, Deg, c, = 0.3010 square feet 
per hour. Similarly, Deg, cz = 0.1662 square feet per hour. 

The multicomponent diffusion coefficient is determined using equation (13B2.1-1): 


1-0.01 
Deg, Ca, C1 = ‘ ) 


( aiees ) + ( oor 


= 0.294 square feet per hour 
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PROCEDURE 13C1.1 
DIFFUSION COEFFICIENTS OF DISSOLVED GASES IN LIQUIDS 


Discussion 
The following equation is recommended for estimating diffusion coefficients of dissolved 
gases diffusing into liquids. It is the same equation used in Procedure 13A1.1. It was developed 
for use in both gas-liquid and dilute binary liquid systems. 
TR, 


= (13C.1-1) 
BR Yh 


Dy, 5 = 5.922 x 1078 


D,,. = diffusion coefficient of solute (component 1) in solvent (component 2), in square feet per 
hour. 

= temperature, in degrees Rankine. 

= viscosity of solution (considered as pure solvent), in centipoise. 

= radius of gyration of solvent, in angstrom units. 

= radius of gyration of solute, in angstrom units. 


Procedure 


Step I: Obtain R, and R, from Table 13A1.2. In the absence of experimental data, estimate p 
using the procedures of Chapter 11. 
Step 2: Calculate D, , from equation (13C1.1-1). 
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COMMENTS ON PROCEDURE 13C1.1 


Purpose 

Procedure 13C1.1 is presented primarily for the estimation of diffusion coefficients of gases 
diffusing into nonpolar liquids. 
Limitations and Reliability 


Equation (13C1.1-1) was developed from hydrocarbon/hydrocarbon and hydrocarbon/carbon 
tetrachloride data. It is based on relatively few experimental data points. For the systems studied, an 
average deviation of 16 percent was obtained with occasional errors of 25 percent. It is not intended 
to be used for the diffusion of acid gases into liquids. The coefficients predicted for these systems are 
too small — generally by 40 to 50 percent. 

Source of Equation 

Equation (13C1.1-1) was developed by Umesi (M.S. Thesis, The Pennsylvania State University, 

1980). 
Example 
Estimate the diffusion coefficient of methane diffusing into n-hexane at 86 F. 


From Chapter 11, the viscosity of the solution (considered as the viscosity of pure n-hexane) at 
86 F is 0.2820 centipoise. 


From Table 13A1.2, the radius of gyration of n-hexane, Ry, is 3.812A and that of methane, R, , is 
1.1234 A. The diffusion coefficient is calculated using equation (13C1.1): 


Dy = 5:922 x 107* (86 + 459.7) (3.812) 
, (0.282) (1.1234) 273 


= 4.04 x 10+ square feet per hour 


An experimental value of 3.95 x 104 square feet per hour is available. This estimated value 
represents a deviation of 2.28 percent from the experimental value. 
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PREFACE 


The previous edition of Chapter 14, “Combustion,” was prepared in 1964. The 
Technical Data Committee decided that material containing accurate heats of com- 
bustion for pure hydrocarbons and associated compounds should be included, to- 
gether with improved methods for estimating heats of combustion of petroleum 
fractions, refinery gases, and liquid fuels that would also be applicable to synthetic 
fuels. Methods for estimating coal heats of combustion were also desirable. 

Work on this revised chapter was carried out in 1981 and 1982. Evaluations are 
documented in detail in Documentation Report 14-83, available from University 
Microfilms, Ann Arbor, Michigan. 

Miriam Maslanik and John Lobo, Research Assistants in Chemical Engineering, 
carried out the work under the direction of Drs. T. E. Daubert and R. P. Danner. 
Dr. C. C. Williams ITI, Shell Oil Company, was the chapter coordinator for the 
committee. 


Thomas E. Daubert 

Ronald P. Danner 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 
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CHAPTER 14 


COMBUSTION 


14-0 INTRODUCTION 


The heat of combustion of a substance is the heat 
evolved when that substance is converted to its final 
oxidation products by means of molecular oxygen. The 
following reaction represents the complete combustion 
of a hydrocarbon: 


CH, + (a i ®Yo, + 21,0 + a(CO,) 


The standard heat of combustion is defined as the 
change in enthalpy resulting from the combustion of a 
substance, in the state that is normal at 77 F and atmo- 
spheric pressure, beginning and ending at a tempera- 
ture of 77 F. The gross heat of combustion is the same 
as the standard heat of combustion except that the com- 
bustion begins and ends at 60 F rather than 77 F. The 
normal state for the water formed by the reaction is 
liquid in both cases. 

The ditference between the standard and the gross 
heats of combustion is the difference between the sensi- 
ble heat changes of the products and the reactants from 
60 F to 77 F. This sensible heat difference is usually 
negligible in comparison with the heats of combustion, 
so the gross and standard heats of combustion are ap- 
proximately equal. 

The net heat of combustion is the heat evolved in a 
combustion beginning and ending at 60 F with products 
of gaseous water and carbon dioxide. Therefore, 


AH =Q -—chuo (14-0.1) 


Where: 
AH =net heat of combustion, in British thermal 
units per pound of fuel. 
Q = gross heat of combustion, in British thermal 
units per pound of fuel. 
c = pounds of water formed per pound of fuel con- 
sumed. 
\u,0 = heat of vaporization of water at 60 F and at its 
vapor pressure, in British thermal units per 
pound of fuel. 


Pure Compounds 


Net and gross heats of combustion are tabulated for 
many pure hydrocarbons in Tables 14A1.1 and 14A1.2. 
Procedure 14A1.3 may be used in determining the heats 
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of combustion for mixed liquid fuels, including syn- 
thetic fuels and petroleum fractions. 

Inasmuch as combustion reactions proceed with a 
decrease in enthalpy, the enthalpy change is negative in 
sign. However, the heat of combustion is defined as the 
heat evolved; therefore, the values for heat of com- 
bustion in this chapter and Chapter 1 are positive. In all 
cases, complete combustion (to carbon dioxide) is as- 
sumed. 


Refinery Gases and Fuel Olls 


In most applications, the molecular oxygen necessary 
for combustion is supplied as air. To ensure complete 
combustion, excess air is commonly added. The follow- 
ing equation relates the heat available from combustion 
of a given fuel gas, when the flue gases exit at any 
temperature, f, to the gross heat of combustion and the 
composition of the flue gas. Excess air increases the 
negative term on the right-hand side of the equation, 
thereby decreasing the available heat, (7, — He): 


(4. — Ha) = Q - D4, (H,— Heo); (14-0.2) 


Where: 

(H, — Hoo) = heat available from combustion when 
the fuel is charged at 60 F and the flue 
gases exit at ¢ F, in British thermal units 
per pound of fuel. 

(H, — Hoo); = total enthalpy change of flue gas com- 
ponent i from 60 F to ¢ F, in British 
thermal units per pound of fuel. 

n = total number of components in flue gas. 
d;= pounds of flue gas component i per 
pound of fuel consumed. 


For water, (H; — Heo)n,0 contains both the sensible heat 
from 60 F to ¢ F and the heat of vaporization. Equation 
(14-0.2) was used to develop Figures 14B1.1 through 
14B1.7 for various refinery gases and fuel oils. 

Equation (14-0.2) is a statement of the law of Hess: 
Enthalpy is a function of the state and not of the path 
used to reach the state. Therefore, the heat available 
from the combustion of a given fuel that is initially at 60 
F with a given amount of air is a function only of the flue 
gas temperature (i.e., the final state). 
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TABLE 14-0.1 
LIQUID AND GASEOUS FUELS 
Liquid Fuels 
Sulfur Inerts Carbon-to- 
Gravity (Percent by (Percent by Hydrogen 
(Degrees API) Weight) Weight) Weight Ratio 
tt) 2.95 1.15 8.80 
5 2.35 1.00 8.55 
10 1.80 0.95 8.06 
15 1.35 0.85 7.69 
20 1.00 0.75 7.65 
25 0.70 0.70 7A7 
30 0.40 0.65 6.79 
35" 0.30 0.60 6.50 
Gaseous Fuels 
Nominal 
Hone Actual Heat of Combustion 
cating 
Value Gross 
(British (British Gross Net 
Thermal Thermal (British (British Molecular 
Units per Units per Thermal Thermal Sulfur Inert Gases Weight of 
Cubic Foot Cubic Foot Units per Units per (Percent by (Percent by Hydrocarbon 
at 60F) at 60 F) Pound) Pound) Weight)* Weight)* Portion 
1,000 1,037 21,800 19,700 4.72 5.38 16.5 
1,200 1,248 21,600 — 3.88 4.42 20.4 
1,400 1,458 21,500 —_ 3.32 3.78 24.3 
1,600 1,669 21,300 19,400 2.90 3.30 28.2 
1,800 1,879 21,000 _ 2.52 2.88 32.1 
2,000 2,090 20,800 — 2.29 2.61 36.1 


“Above 35°API, the correction for impurities in Procedure 14A1.3 is negligible and the equations 
represent pure paraffins (carbon-to-hydrogen weight ratio is 12.0n/2n + 2, where n is the number of 


carbon atoms in the hydrocarbon). 


"The nominal high heating value is an approximate gross heat of combustion. 


°Equivalent to 2.5 mole percent hydrogen sulfide. 


*Equivalent to 1.25 mole percent carbon dioxide and 1.25 mole percent air. 


Flue Gases 


The enthalpies of common flue gas components are 
plotted in Figures 14C1.1 and 14C1.2. The enthalpy 
basis (enthalpy is zero for the ideal gas at 60 F) is more 
convenient for combustion calculations than the basis 
used in the rest of this book. These enthalpies may be 
used in equation (14-0.2) with Table 14A1.1 heats of 
combustion to calculate the heat available from com- 
bustion as a function of temperature for pure hydro- 
carbons. 


Ib flue gas 64.1x,5 


44.0(C/H)(1 — x15 — Xv) 


Figures 14B1.1 through 14B1.7 (see Table 14-0.1) 
were prepared for various liquid and gaseous fuels con- 
taining arbitrary amounts of impurities. 

Most procedures include corrections to be used when 
the composition of the fuel differs appreciably from 
those previously tabulated. 

The weight ratio of flue gas to fuel, for refinery gases 
and fuel oil, can be determined as a function of percent 
excess air by making a simple material balance. Equa- 
ting the weight of the fuel minus the inerts plus air to the 
weight of the flue gas gives the following relation for 
fuel oil: 


18.01 — Xs — Xu) 


1 lb fuel ~ 32.1 12.0(C/H + 1) 2(C/H + 1) 
Swe, (CIH)(1 — Xus—Xw1) , 1—Xws — wr |{ (79)(28.0) , (29.0)(% Ex Air) 
+ lett 12.0(CH +1) —s aril Qe Ai | (14-0.3) 
14-2 1983 
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Where: 


Xws = Weight fraction of sulfur. 
X, = Weight fraction of inerts. 


% CO2.= 


(12.0)(C/H + 1)} 32-1 


For refinery gases, calculations should account for 
the fact that inert gases (in this case, carbon dioxide and 
air) appear in the flue gas. Equations (14-0.3) and 
(14-0.4) are based on data given by Maxwell (4), and 
assumes average impurities as given in Table 14-0.1. 


Coal 
ASTM D 388 (1) gives the heating value ranges for 


C/H = carbon-to-hydrogen weight ratio. 
% Ex Air = mole percent of excess air. 


The mole percent of carbon dioxide in the flue gas 
may be obtained by a similar material balance. The 
percent carbon dioxide on a water-free basis is given as 


(C/H)(1 = Xws ~ Xwe) 

Xws , (C/H)(1 — x05 — Xws) ie (2 % Ex Air) 
12.0(C/H + 1) 

Xws (C/A) (1 — X05 — Xn) 

32.1 12.0(C/H + 1) 


a+ 3t 
1 —Xug — Xur | 


+ XCM +1) 


(14-0.4) 


the various grades of coal, as reproduced in Table 
14-0.2. 

Procedure 14D1.1 is used to compute the gross and 
net calorific values of coal. These heating values are a 
function of the ultimate analysis and moisture per- 
centage of the coal. 


TABLE 14-0.2 
CLASSIFICATION OF COAL BY RANK 


Agglomer- 
ating 
Class Group Character” 
Anthracitic Meta-anthracite 


Anthracite 
Semianthracite® 


N 
N 
N 
Bituminous Low-volatile bituminous CA‘ 
Medium-volatile bituminous CA‘ 
High-volatile A bituminous CAS 
High-volatile B bituminous CAS 
CA‘ 
A 
N 
N 
N 
N 
N 


High-volatile C bituminous 


Subbituminous A 
Subbituminous B 
Subbituminous C 


Subbituminous 


Lignitic Lignite A 
Lignite B 


NoTE: This table is adapted and republished by permission of ASTM 
from ASTM D 388, “Standard Classification of Coals by Rank,” 1983 
Annual Book of ASTM Standards, Volume 05.05. This classification 
does not include a few coals, principally nonbanded varieties, that 
have unusual physical and chemical properties and come within the 
limits of fixed carbon or calorific value of the high-volatile bituminous 
and subbituminous ranks. All of these coals either contain less than 
48 percent dry, mineral-matter-free fixed carbon or have more than 
15,500 British thermal units per pound on the moist, mineral-matter- 
free basis. ; 

* A = agglomerating; CA= commonly agglomerating; N = nonag- 
glomerating. 


1983 


Gross 

Fixed Carbon Volatile Matter Calorific Value 
Limits, %° Limits, %° Limits, Btu/lb* 

= < > s = < 
98 _ _ 2 _ a 
92 98 2 8 — = 
86 92 8 14 ie dos 
78 86 14 22 — aan 
69 78 22 31 — _ 
—_ 69 31 _ 14,000' _ 
Baa —— —_ — 13,000° 14,000 
= aay ee — 11,500 13,000 
—_ _ _ —_ 10,500 11,500 
=< Sass a pone 10,500 11,500 
oo nen — —_ 9,500 10,500 
mh oo — _ 8,300 9,500 
= oom Es = 6,300 8,300 


’ Dry, mineral-matter-free basis. 

“Moist, mineral-matter-free basis, moist referring to coal containing 
its natural inherent moisture but not including visible water on the 
surface of the coal. 

“If aggomerating, classify in low-volatile group of the bituminous 
class. 

‘It is recognized that there may be nonagglomerating varieties in 
these groups of the bituminous class, and there are notable exceptions 
in high-volatile C bituminous group. 

‘Coals having 69 percent or more fixed carbon on the dry, mineral- 
matter-free basis should be classified according to fixed carbon, re- 
gardiess of calorific value. 
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14A1.1 
TABLE 14A1.1 
HEATS OF COMBUSTION OF PURE COMPOUNDS 
(BRITISH THERMAL UNITS PER POUND) 
A B Cc 
Gross Heat Net Heatof Standard Heat 
of Combustion Combustion of Combustion 
at 60 F at 60 F at 77 F 
(Btu/lb) (Bun/Ib) (Btu/Ib) Source® 
Compound —AH..69 —AH,.60 ~AH.77 ABC 
Nonhydrocarbons 
Hydrogen (gas) 61,022 51,552 60,959 8 8 7 
Carbon monoxide (gas) 4,342 4,342 4,343 8 - 7 
Ammonia (gas) 9,687 8,005 9,670 8 8 7 
Hydrogen sulfide (gas) 7,101 6,540 7,096 487 
Carbonyl sulfide (gas) 3,950 3,950 3,950 8 - 7 
Carbon disulfide (gas) 6,235 6,235 6,236 8 - 7 
Sulfur dioxide (gas) 660 660 660 8 - 7 
Paraffins 
Methane (gas) 23,891 21,528 23,869 4 4 5 
Ethane (gas) 22,333 20,443 22,311 44 5 
Propane (gas) 21,653 19,931 21,633 445 
n-Butane (gas) 21,300 19,672 21,280 44 5 
2-Methylpropane (gas) 21,237 19,595 21,219 445 
n-Pentane 20,923 19,348 20,903 445 
2-Methylbutane (gas) 20,884 19,296 20,868 445 
2,2-Dimethylpropane (gas) 20,956 19,368 20,940 112 
n-Hexane 20,783 19,232 20,767 445 
2-Methylpentane 20,756 19,205 20,740 112 
3-Methylpentane 20,789 19,214 20,772 Li ete? 
2,2-Dimethylbutane 20,734 19,159 20,717 112 
n-Heptane 20,679 19,167 20,664 445 
2-Methylhexane 20,707 19,132 20,692 112 
3-Methylhexane 20,722 19,147 20,707 112 
2,4-Dimethylpentane 20,687 19,112 20,672 112 
n-Octane 20,601 19,097 20,586 445 
2-Methylheptane 20,653 19,078 20,638 112 
2,2-Dimethylhexane 20,628 19,053 20,612 112 
2,2,4-Trimethylpenane 20,638 19,063 20,622 112 
n-Nonane 20,543 19,062 20,528 445 
n-Decane 20,494 19,018 20,479 445 
n-Undecane 20,564 18,989 20,549 112 
n-Dodecane 20,539 18,964 20,523 112 
n-Tridecane 20,519 18,944 20,504 112 
n-Tetradecane 20,501 18,926 20,486 112 
n-Pentadecane 20,485 18,910 20,470 112 
n-Hexadecane 20,472 18,897 20,457 112 
n-Heptadecane 20,462 18,887 20,447 112 
n-Octadecane 20,449 18,874 20,444 11 2 
n-Nonadecane 20,439 18,864 20,425 112 
n-Eicosane 20,431 18,856 20,414 1 12 
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14A1.1 
TABLE 14A1.1 (Continued) 
HEATS OF COMBUSTION OF PURE COMPOUNDS 
(BRITISH THERMAL UNITS PER POUND) 
A B Cc 
Gross Heat Net Heat of | Standard Heat 
of Combustion Combustion of Combustion 
at 60 F at 60 F at 77 F 

(Btu/Ib) (Btu/Tb) (Btu/lb) Source® 
Compound = ¢,60 = ¢,60 a 77 ABC 

Naphthenes 
Cyclopentane 20,188 18,827 20,174 112 
Methylcyclopentane 20,130 18,769 20,115 1 12 
Ethylcyclopentane 20,125 18,760 20,110 112 
1,1-Dimethylcyclopentane (gas) 21,434 20,069 21,415 112 
cis-1,2-Dimethylcyclopentane 20,113 18,752 20,098 112 
trans-1,2-Dimethyleyclopentane 20,091 18,726 20,075 112 
cts-1,3-Dimethylcyclopentane (gas) 21,442 20,077 21,423 1 i 2 
trans-1,3-Dimethylcyclopentane (gas) 21,451 20,086 21,432 112 
n-Propylcyclopentane 20,116 18,751 20,098 112 
n-Butylcyclopentane 21,457 20,092 21,438 112 
n-Pentylcyclopentane 20,099 18,738 20,087 112 
n-Hexylcyclopentane 20,097 18,735 20,082 6 6 3 
n-Heptylcyclopentane 20,023 18,658 20,004 112 
n-Octylcyclopentane 20,021 18,656 20,002 112 
n-Nonylcyclopentane 20,018 18,653 20,000 | ee ae 
n-Decylcyclopentane 20,016 18,651 19,998 112 
n-Undecylcyclopentane 20,014 18,649 19,996 112 
n-Dodecylcyclopentane 20,030 18,665 20,012 112 
n-Tridecylcyclopentane 20,010 18,645 19,992 112 
n-Tetradecylcyclolpentane 20,009 18,644 19,992 112 
n-Pentylcyclopentane 20,075 18,710 20,056 112 
Cyclohexane 20,042 18,677 20,024 1 1 2 
Methylcyclohexane 20,008 18,643 19,990 1 12 
Ethylcyclohexane 20,022 18,661 20,009 112 
1,1-Dimethylcyclohexane 20,000 18,635 19,982 112 
cis-1,2-Dimethylcyclohexane 20,024 18,663 20,010 112 
trans-1,2-Dimethylcyclohexane 20,004 18,639 19,986 Loe <2 
cis-1,3-Dimethylcyclohexane 19,985 18,620 19,967 112 
trans-1,3-Dimethylcyclohexane 20,009 18,648 19,995 112 
cis-1,4-Dimethylcyclohexane 20,009 18,648 19,995 1 12 
trans-1,4-Dimethylcyclohexane 19,986 18,621 19,968 112 
n-Propylcyclohexane 20,029 18,664 20,011 112 
n-Butylcyclohexane 20,029 18,668 20,015 112 
n-Pentylcyclohexane 19,964 18,599 19,948 112 
n-Hexyleyclohexane 19,966 18,601 19,947 112 
n-Heptylcyclohexane 19,966 18,601 19,947 11 2 
n-Octylcyclohexane 19,968 18,603 19,949 112 
n-Nonylcyclohexane 19,968 18,603 19,949 112 
n-Decylcyclohexane 19,969 18,604 19,950 112 
n-Undecylcyclohexane 19,969 18,604 19,950 112 
n-Dodecylcyclohexane 19,973 18,608 19,954 112 
n-Tridecylcyclohexane 19,045 17,680 20,026 112 
n-Tetradecylcyclohexane 19,972 18,607 20,026 11 2 
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14A1.1 
TABLE 14A1.1 (Continued) 
HEATS OF COMBUSTION OF PURE COMPOUNDS 
(BRITISH THERMAL UNITS PER POUND) 
A B Cc 
Gross Heat Net Heat of Standard Heat 
of Combustion Combustion of Combustion 
at 60 F at 60 F at 77 F 
(Btu/Ib) (Btu/Ib) (Btu/Ib) Source*® 

Compound —AH..60 —AH..69 —-AH.77 ABC 
Olefins 
Ethene (gas) 21,323 20,272 21,304 6 6 2 
Propene (gas) 21,039 19,674 21,020 6 6 2 
1-Butene (gas) 28,838 19,473 28,818 112 
2-Butene (gas) 20,785 19,420 20,765 112 
trans-2-Butene (gas) 20,743 19,378 20,724 112 
2-Methylpropene (gas) 20,709 19,348 20,692 112 
1-Pentene 20,549 19,184 20,530 112 
1-Hexene 20,465 19,104 20,453 112 
2,3-Dimethyl-2-Butene 20,358 18,993 20,342 11 2 
1-Heptene 20,411 19,046 20,394 112 
1-Octene 20,366 19,005 20,349 112 
1-Nonene 20,327 18,966 20,314 112 
1-Decene 20,302 18,937 20,285 112 
1-Undecene 20,279 18,914 20,262 112 
1-Dodecene 20,261 18,896 20,244 112 
1-Tridecene 20,244 18,879 20,227 112 
1-Tetradecene 20,230 18,865 20,213 112 
1-Pentadecene 20,151 18,786 20,134 112 
1-Hexadecene 20,208 18,843 20,191 112 
1-Heptadecene 20,351 18,986 20,185 112 
1-Octadecene 20,191 18,826 20,174 112 
1-Nonadecene 20,337 18,972 20,169 112 
1-Eicosene 20,124 18,759 20,107 1 12 
Diolefins and Acetylenes 
Propadiene (gas) 20,866 19,921 20,855 6 6 2 
1,2-Butadiene (gas) 20,615 19,565 20,602 6 6 2 
1,3-Butadiene (gas) 20,213 19,154 20,202 6 6 2 
Ethyne (acetylene) (gas) 21,466 20,732 21,458 6 6 2 
Propyne (gas) 20,791 19,846 20,780 6 6 2 
1-Butyne (gas) 20,639 19,589 20,626 6 6 2 
Aromatics 
Benzene 17,994 17,259 17,981 1 12 
Methylbenzene 18,267 17,427 18,259 112 
Ethylbenzene 18,478 17,596 18,468 112 
1,2-Dimethylbenzene 18,445 17,546 18,437 Id 2 
1,3-Dimethylbenzene 18,441 17,543 18,433 112 
1,4-Dimethylbenzene 18,428 17,546 18,418 112 
n-Propylbenzene 18,667 17,722 18,657 112 
Isopropylbenzene 18,657 17,712 18,647 112 
1-Methy1-2-Ethylbenzene 18,645 17,692 18,636 112 
1-Methyl-3-Ethylbenzene 18,637 17,684 18,628 112 
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TABLE 14A1.1 (Continued) 


HEATS OF COMBUSTION OF PURE COMPOUNDS 
(BRITISH THERMAL UNITS PER POUND) 


A B Cc 
Gross Heat Net Heat of Standard Heat 
of Combustion Combustion of Combustion 
at 60 F at 60 F at 77F 
(Btu/lb) (Btu/Ib) (Btu/Ib) 
Compound AF. 60 AM. 60 Oh 77 
Aromatics 
1-Methy]-4-Ethylbenzene 18,634 17,680 18,624 
1,2,3-Trimethylbenzene 18,594 17,647 18,584 
1,2,4-Trimethylbenzene 18,580 17,635 18,570 
1,3,5-Trimethylbenzene 18,584 17,631 18,575 
n-Butylbenzene 18,870 17,825 18,860 
n-Pentylbenzene 17,249 16,199 17,236 
n-Hexylbenzene 19,023 17,973 19,012 
n-Heptylbenzene 19,066 18,016 19,054 
n-Octylbenzene 19,117 18,067 19,105 
n-Nonylbenzene 19,157 18,107 19,143 
n-Decylbenzene 19,206 18,156 19,193 
n-Undecylbenzene 19,225 18,175 19,211 
n-Dodecylbenzene 19,268 18,218 19,255 
n-Tridecylbenzene 19,292 18,242 19,279 
n-Tetradecylbenzene 19,304 18,254 19,290 


® The sources of the values in columns A, B, and C are indicated as follows: 


1 Values from Chapter 1. 
Calculated from standard heat of formation and heat of vaporization from Chapter 1. 


Source* 
ABC 


Le A ce ee ee 


Ee ee ee eee 
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3 Calculated from standard heat of formation and heat of vaporization from API Research 


Project 44. 

Values from GPA Publication 2145-82. 

Calculated from GPA Publication 2145-82 and Procedure 7A1.1. 
Calculated from standard heat of combustion and Procedure 7A1.1. 


WAM 


sulfur is sulfur dioxide, and for sulfur dioxide the combustion product is sulfur trioxide. 


oO 


Calculated from standard heats of combustion and ideal gas heat capacities. 
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TABLE 14A1.2 


14A1.2 


HEATS OF COMBUSTION OF PURE COMPOUNDS 
(BRITISH THERMAL UNITS PER CUBIC FOOT) 


Compound 


Hydrogen 

Carbon Monoxide 
Ammonia 
Hydrogen sulfide 
Carbon sulfide 
Carbon disulfide 


Sulfur dioxide 
Methane 

Ethane 

Propane 
n-Butane 
2-Methylpropane 


n-Pentane 
2-Methylbutane 
2,2-Dimethylpropane 
n-Hexane 

n-Heptane 

n-Octane 


Cyclopentane 
Methylcyclopentane 
Ethylcyclopentane 
n-Propylcyclopentane 
Cyclohexane 
Methylcyclohexane 


Ethylcyclohexane 
Ethene 

Propene 

1-Butene 
cis-2-Butene 
trans-2-Butene 


2-Methylpropene 
1-Pentene 
1-Hexane 
1-Heptene 
1-Octene 
Propadiene 


1,2-Butadiene 
1,3-Butadiene 

Ethyne 

Propyne 

1-Butyne 

Benzene 
Methylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 
1,4-Dimethylbenzene 


NOTE: Basis is ideal gas at 60 F. 
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Gross Heat of 
Combustion at 60 F 
(Btu/lb) 


Net Heat of 
Combustion at 60 F 
(Btu/Ib) 
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14A1.3 


PROCEDURE 14A1.3 


HEATS OF COMBUSTION OF PETROLEUM FRACTIONS 
AND SYNTHETIC FUELS 


Discussion 


The following equation is used to predict the gross heat of combustion of petroleum 
fractions and synthetic fuels: 


—AH to = 17,672 + 66.6G — 0.316G? — 0.0014G? (14A1.3-1) 


Where: 
—AH oo = gross heat of combustion at 60 F, in British thermal units per pound. 
G = API gravity. 
If water is present in the fuel or if impurities are significantly different from those given 
in the Introduction, the following equation should be used to correct for it: 


—AH. 6 = (~ AH? 9) — 0.01(—AH? o«o)(% H20 + % S. + % Inerts,) + 40.5(% §,.) 
(14A1.3-2) 
Where: 
—AH., « = corrected gross heat of combustion, in British thermal units per pound, 
% HO = weight percent of water in the fuel. 
% S, = weight percent of sulfur in the fuel minus the average weight percent (given 
in the Introduction). 
% Inerts, = weight percent of inerts in the fuel minus the average weight percent (given in 
the Introduction). 


The net heat of combustion is obtained from equation (14A1.3-3). 
— AH? 6 (net) = 16,796 + 54.5G — 0.217G? — 0.0019G? (14A1.3-3) 


Where: 
—AHz?2 « (net) = heat of combustion at 60 F, in British thermal units per pound. 


—AH., « (net) = [—AHZ w (net)] — 0.01[—AHZ w (net)}(% H:0 + % S, + % Inerts,) 
+ 40.5 (% S$.) — 10.53(% H20) (14A1.3-4) 


Where: 
—AH.., «9 (net) = corrected net heat of combustion at 60 F, in British thermal units per pound. 


Procedure 


Step 1: Obtain the API gravity and the impurity and moisture weight percents of the 
petroleum fraction or synthetic fuel. 

Step 2: Use equations (14A1.3-1) and (14A1 3-2) to calculate the gross heat of combustion. 

Step 3: Calculate the net heat of combustion from equations (14A1.3-3) and (14A1.3-4). 
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COMMENTS ON PROCEDURE 14A1.3 


Purpose 
Procedure 14A1.3 is a method to estimate heats of combustion of petroleum liquids and 
synthetic fuels. 


Reliability 


Gross heats of combustion estimated by this procedure have an average error of 180 British 
thermal units per pound of fuel. An average deviation of 205 British thermal units per pound 
of fuel was obtained for predicted net heat of combustion values. 


Literature Sources 


Equations (14A1.3-1) and (14A1.3-3) were developed using the figure given by J. B. 
Maxwell, Data Book on Hydrocarbons, D. Van Nostrand Company, Inc., Princeton, N.J. 
(1950). Equations (14A1.3-2) and (14A1.3-4) were given in Standard Design Data, Foster 
Wheeler Corporation, New York (1960). 


Example 


Determine the gross and net heats of combustion of an 11.3°API fuel oil that contains 1.49 
weight percent sulfur, 1.67 weight percent inerts and 0.30 weight percent water. 

The average percent of sulfur in an 11.3°API fuel on which equations (14A1.3-1) and 
(14A1.3-3) are based is 1.68 by interpolation from the table in the Introduction, so 
% S, = 1.49 — 1.68 = — 0.19. Similarly, the average inerts content for the basis fuel is 0.92, 
so % Inerts, = 1.67 — 0.92 = 0.75. 

The gross heat of combustion can now be calculated from equations (14A1.3-1) and 
(14A1.3-2). 


~ AH. = 17,672 + 66.6 (11.3) — 0.316 (11.3)? — 0.0014 (11.3)° 
= 18,382 
— AH, ¢o = 18,382 — (0.01) (18,382) (0.3 — 0.19 + 0.75) + 40.5 ( - 0.19) 


18,216 British thermal u .its per pound of fuel 


An experimental value is 18,088 British thermai units per pound of fuel. 
From equations (14A1.3-3) and (14A1.3-4), the net heat of combustion is 


= AH.".(net) = 16,796 + 54.5 (11.3) — 0.217 (11.3)? — 0.0019 (11.3)? 
= 17,381 
— AH. 6, (net) = 17,381 — 0.01 (17,381) (0.30 — 0.19 + 0.75) + 40.5 ( — 0.19) — 10.53 (0.30) 
= 17,221 British thermal units per pound of fuel 
An experimental value is 17,128 British thermal units per pound of fuel. 
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COMMENTS ON FIGURES 14B1.1 THROUGH 1481.7 


Purpose 


The heat available from the combustion of refinery gases and fuel oils to gaseous products 
is given in Figures 14B1.1 through 14B1.7 as a function of temperature and percent excess 
air. 


Limitations 


An allowance was made for an average sulfur and inerts content in the fuel, but not for the 
presence of water. 


Reliability 


The estimated average deviation of these figures is 1 percent for the fuels defined in the 
Introduction. 


Special Comments 


Figures 14B1.1 and 14B1.2 were derived using only mixtures of paraffin gases. The figure 
more nearly corresponding to the gross heat of combustion of the fuel gas can be used without 
interpolation with very little error. In correcting for the variation in impurities, however, the 
available heat must be adjusted in proportion to the weight percentage of the hydrocarbon 
present in the fuel gas. Consider half of the hydrogen sulfide a hydrocarbon (i.e., a source 
of heat) and half as an inert gas (see Example). 

Figures 14B1.3 through 14B1.7 represent the heat available from fuel oils having API 
gravities of 0, 5, 10, 15, and 20 degrees. If the impurities are known to be appreciably 
different from the average values, the available heat may be corrected in direct proportion 
to the weight percentage of the hydrocarbon present in the fuel, with sulfur considered an 
inert material. The average impurities used to develop the figures are tabulated in the 
Introduction. 

Interpolation between the figures is unnecessary; the available heat at any temperature and 
percent of excess air can be read from the chart which most nearly corresponds to the gravity 
of the fuel oil. 


Literature Source 


These charts were patterned after those of Maxwell, Data Book on Hydrocarbons, D. Van 
Nostrand Company, Inc., Princeton, N.J, (1950). The figures were replotted to be consistent 
with the more recent enthalpy data in Chapter 7. 


Example 


Estimate the heat available from the combustion of a refinery gas having a gross heat of 
combustion of 1200 British thermal units per cubic foot (60 F) with 100 percent excess air. 
The fuel contains the following impurities: 8.0 percent by weight hydrogen sulfide and 12.0 
percent by weight inert gases. The flue gases exit at 2000 F. 

Inasmuch as 1200 British thermal units per cubic foot (60 F) is closer to 1000 than 1600, 
Figure 14B1.1 should be used. Because the amount of impurities is significantly larger than 
the average values, the heat available must be corrected. From Figure 14B1.1, the uncor- 
rected heat available is 1950 British thermal units per pound of fuel for the average fuel 
containing 8.3 percent inert gases from the table in the Introduction. Half the hydrogen 
sulfide, or 4 percent by weight, must be considered inert gases. Therefore, the total amount 
of impurities is 4 + 12 = 16 percent by weight. 

Total heat available = (1950)(100 — 16)/(100 — 8.3) = 1786 British thermal units per pound 
of fuel. 
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COMMENTS ON FIGURES 14C1.1 and 14€1.2 


Purpose 


The enthalpy above 60 F for various flue gas components is plotted as a function of 
temperature. The enthalpy values are for low-pressure gases only (less than 50 pounds per 
square inch absolute). 


Rellabitity 
The estimated average deviation of these figures is 1 percent. 


Special Comments 


To prepare the figures, the ideal gas enthalpies given in Chapter 7 were converted to a basis 
of zero for the ideal gas at 60 F. This basis is preferable for combustion calculations inasmuch 
as standard heats of combustion are normally given at these conditions. The curve for air was 
obtained by assuming a composition of 21 percent by volume oxygen and 79 percent by 
volume nitrogen. No correction has been made for dissociation of the molecules at high 
temperatures. 


Literature Source 
The figures were plotted using the ideal gas enthalpy data given in Chapter 7. 
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PROCEDURE 14D1.1 
GROSS/NET CALORIFIC VALUE OF COALS 


Discussion 
The following equation is used to estimate the gross calorific value of coal: 
O, = 146.58C + 568.78H + 29.45 — 6.58A — 51.53(O + N) (14D1.1-1) 


Where: 
Q, = gross calorific value at constant volume, British thermal units per pound. on a 
dry basis. 
C = weight percent of carbon. 
H = weight percent of hydrogen. 
S = weight percent of total sulfur. 
A = weight percent of ash. 
(O + N) = weight percent of oxygen plus nitrogen by difference. 
The weight percents are on a dry basis. 
The gross calorific value at constant pressure is obtained from the equation (14D1.1-2). 
QO, = Q, + 2.6H — 0.330 (14D1.1-2) 
Where: 
Q, = gross calorific value at constant pressure. 
Equation (14D1.1-3) is used to calculate the net or low calorific value at constant pressure. 
Q,(net) = Q, — 92.2H — (0.33)0 — 10.50M (4D 1. 1-3) 


Where: 
Q,(net) = net calorific value at constant pressure. 
M = percent moisture in the coal. 


Q,, H, O are on a moist basis. 


Procedure 


Step 1: Obtain the ultimate analysis and percent moisture of the coal. 
Step 2: Use equation (14D1.1-1) or (14D1.1-2) to calculate the gross calorific value. 
Step 3: Calculate the net calorific value from equations (14D1.1-1) and (14D1,1-3). 
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14D1.1 
COMMENTS ON PROCEDURE 14D1.1 


Purpose 


This procedure may be used to predict the gross and net calorific value of a coal given the 
ultimate analysis and percent moisture of the coal. 


Reliability 


Gross calorific values estimated by this procedure have an average error of 115 British 
thermal units per pound. 


Literature Source 


Equations (14D1.1-1) through (14D1.1-3) were given in Coal Conversion Systems Tech- 
nical Data Book, U.S. Department of Energy (1978). 


Example 


Calculate the gross calorific value of an Hlinois No. 6 coal with the following composition 
given on a dry basis: 


68.92% 
5.01% 
1.01% 
6.66% 
10.84% 
7.57% (by difference) 


Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Oxygen 


toi do aon 


From equation (14D1.1-1) 


Q. =146.58(68.92) + 568.78(5.01) + 29.4(6.66) — 6.58(10.84) — 51.53(7.57 + 1.01) 
= 12,634 British thermal units per pound 


Q, =12,634 + 2.6(5.01) — 0.33(7.57) 
=12,645 British thermal units per pound 


The experimental value is 12,773 British thermal units per pound. 
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PREFACE 


This chapter on adsorption is the first completely new chapter added to the 
Technical Data Book—Petroleum Refining since its first edition. The Technical Data 
Committee felt that the use of physical adsorption for separations, the technical 
advances that have been made in the area of adsorption, and the lack of sources of 
practical design information on adsorption were justification for addition of this new 
chapter. During the past 2 years an extensive data bank on the physical adsorption 
equilibria of gases and liquids on solids has been collected, and potentially useful 
correlations have been evaluated with this data bank. Whenever possible, recom- 
mended procedures are given in the chapter for correlating or predicting equilibria 
data. In addition, bibliographies of available data and recommended references for 
studying the treatment of adsorption data are given. This chapter deals only with 
physical adsorption. Chemical adsorption is not considered. 

Detailed results of the evaluations used in selecting the recommended procedures 
are given in Documentation Report No. 15-83, available from University Micro- 
films, Ann Arbor, Michigan. 

Work on this chapter was done by S. D. Mehta and the project directors, Ronald 
P. Danner and Thomas E. Daubert. The chapter coordinator for the Technical Data 
Committee was G. E. Merritt, Arco Petroleum Products Company. Many other 
members of the committee contributed useful suggestions. 


Ronald P. Danner 

Thomas E. Daubert 

Department of Chemical Engineering 
The Pennsylvania State University 
University Park, PA 16802 

August 1983 
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CHAPTER 15 


ADSORPTION EQUILIBRIA 


15-0 INTRODUCTION 


Gas Adsorption 


Gas adsorption is commonly used to separate gas 
mixtures and to remove contaminants from gaseous 
products or discharge streams. The first two sections of 
this chapter present a summary of the available infor- 
mation on gas adsorption as applied to gas separation 
(physical adsorption) and recommend state-of-the-art 
procedures for treatment of pure-gas isotherm data and 
for predicting multicomponent adsorption equilibria. 
The area of chemical adsorption germane to catalytic 
systems is not discussed in this chapter. 

Physical adsorption is characterized by relatively low 
heats of adsorption (of the order of magnitude of heats 
of vaporization) and by highly reversible adsorption and 
desorption with rising or falling pressure. Chemical ad- 
sorption, on the other hand, exhibits high heats of ad- 
sorption (of the order of magnitude of chemical reac- 
tion heats) and highly irreversible adsorption. In fact, 
the desorbed material may have a different chemical 
composition than the adsorbed material. 

Modeling of physical adsorption of gases has been 
approached in several different ways, as described 
below. 


Method 1: The adsorbed layer has been treated as a 
two-dimensional phase whose behavior can be des- 
cribed by a two-dimensional equation of state analo- 
gous to the ideal gas equation, the van der Waals equa- 
tion, the virial equation, and the like. In such an 
equation the volume per mole of gas is replaced by area 
of the adsorbent covered per mole, and the normal 
three-dimensional pressure is replaced by a pressure 
exerted by the molecules moving in only two dimen- 
sions, called the spreading pressure. While this spread- 
ing pressure cannot be measured directly, it can be 
calculated from adsorption data as described in Proce- 
dure 15B1.7. 


Method 2: The solid adsorbent has been considered as 
a source of a potential field that causes the gas around 
it to assume density gradients just as the earth causes 
density gradients in its surrounding atmosphere. 


Method 3: The interaction between the solid surface 
and the gas molecules has been treated in terms of the 
kinetics of the molecules colliding with the surface, 


1983 


sticking for some period of time, and then escaping 
from the surface. This type of modeling leads directly to 
the Langmuir and Brunauer-Emmett-Teller (BET) 
equations. 


Method 4: For solids that have uniform, well-defined 
micropores, a simple statistical thermodynamic model 
has been developed. In this case, it is assumed that the 
adsorbed molecules are confined within the cavities of 
the solid rather than at localized sites and that the 
adsorbate-adsorbent interaction potential is indepen- 
dent of the number of sorbate molecules present within 
a cavity. The adsorbate-adsorbate interactions within a 
cavity are treated by an equation of state. 


Method 5: The adsorbed phase is treated as an equi- 
librium phase analogous to the liquid phase in vapor- 
liquid equilibrium. The adsorbed phase is characterized 
by the two-dimensional spreading pressure instead of 
the normal three-dimensional pressure, and the volume 
per mole is replaced by the area covered per mole. This 
type of treatment is referred to as the thermodynamic 
solution theory of adsorption. 

Although each of these methods of modeling ad- 
sorption has its advantages and disadvantages, the fot- 
lowing generalizations can be made: 


a. For correlating the temperature effects on the ad- 
sorption of a pure gas on a particular solid or relating 
the adsorptivity of very similar components on a par- 
ticular solid, the potential theory approach (method 2) 
is most useful. 

b. For characterizing surface areas of solids, the BET 
method based on method 3 has received universal 
acceptance. 

c. For correlating and predicting gas mixture adsorption 
equilibria, the thermodynamic solution theory (method 
5) has been most successful. 


The equilibrium between an adsorbed phase and a 
bulk gas phase involves an additional variable, the area 
of the solid, and one more degree of freedom than the 
case of vapor-liquid equilibrium. The nature of the solid 
surface is quite complex and difficult to characterize. 
Furthermore, the collection of data for the adsorption 
equilibria of gas mixtures on a solid adsorbent is a diffi- 
cult experimental task. Thus it is not surprising that gas 
adsorption lags behind vapor-liquid equilibria in both 
theoretical developments and technology. Fortunately, 
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the experimental procedure required for the collection 
of pure-gas isothermal adsorption data is relatively sim- 
ple, at least in moderate pressure and temperature 
ranges. The most useful methods of predicting gas- 
mixture adsorption equilibria use the pure-gas iso- 
therms to characterize the interaction between the gas 
molecules (adsorbate) and the solid surface 
(adsorbent). 

Frequently, little information is available to charac- 
terize the surface of a solid adsorbent. One parameter 
that is sometimes given, however, is the BET surface 
area. This surface area is calculated by estimating the 
number of nitrogen molecules it takes to completely 
cover the surface with a single layer of molecules at the 
normal boiling point of nitrogen, and multiplying that 
number by the area covered per molecule. The volume 
of nitrogen for the monolayer coverage is calculated 
from the BET equation [equation (15A1.13-1)]. While 
these surface areas are rather arbitrary, they do indicate 
relative adsorptivities for similar adsorbents. Ratios of 
the surface areas of two adsorbents of the same type can 
be used to predict the adsorption amount on one of 
them if the other is known. Surface area comparisons 
should be viewed with skepticism, however, if the ad- 
sorbents are quite different in polarity or pore struc- 
ture. 


Liquid Adsorption 


The adsorption of liquid mixtures on solids is im- 
portant in many industrial processes and in chroma- 
tographic separations. In spite of this fact, study of 
liquid adsorption has received serious attention only in 
the later part of this century. In the last section of this 
chapter, the available data and useful correlation meth- 
ods for liquid-solid equilibrium are summarized. Here 
again, as in the sections on gas adsorption, considera- 
tion is given only to physical adsorption; chemisorption 
is excluded from the discussion. 

There is a basic difference between the treatment of 
adsorption at the liquid-solid interface and adsorption 
at the gas-solid interface. This is because in the case of 
adsorption from liquid mixtures, the absolute amount 
adsorbed cannot be measured directly. Experimentally, 
one determines changes in bulk liquid concentration, 
which is then used to calculate the surface excess. The 
surface excess is defined as the amount of adsorbate 
found in the adsorption layer minus the amount that 
would be found there if the bulk concentration ex- 
tended uniformly up to the solid surface. Thus, for liq- 
uid adsorption, the pertinent variable describing the 
equilibrium is the surface excess rather than the actual 
amount adsorbed. 
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Adsorption isotherms of binary liquid systems are 
relatively easy to determine since changes in concen- 
tration can be measured directly. Although there are 
methods available to qualitatively predict binary liquid 
adsorption isotherms by using the pure-vapor isotherms 
of each of the two components, one can seldom use 
these methods, because the vapor data are usually not 
available. Representation of the binary liquid data by 
an analytical expression facilitates interpolation or ex- 
trapolation of the data in the range of interest. There 
are two useful methods for doing this: a linear correla- 
tion for the surface excess, based on the assumption of 
monolayer adsorption from an ideal solution; and a 
more accurate nonlinear correlation for the adsorbed 
phase mole fraction, based on the assumption of regular 
bulk and adsorbed solutions. These correlations could 
presumably also be useful in methods to predict multi- 
component liquid adsorption equilibrium from binary 
liquid data. 


Chapter Contents 


A summary of some of the most useful sources of 
information on adsorption is given below. References 
for the correlation methods that have been judged to be 
of the most potential use are listed, and bibliographies 
of the available adsorption data for pure-gas systems, 
gas mixtures, and liquid mixtures are given in Tables 
15-0.1, 15-0.2 and 15-0.3. 

Figures 15A1.1 through 15A1.10 provide typical iso- 
thermal pure-gas adsorption data. Table 15A1.11 gives 
the adsorption capacities of various adsorbents for wa- 
ter. Table 15A1.12 provides estimates of the isosteric 
heat of adsorption in a number of temperature ranges. 
These tables can be helpful in preliminary comparisons 
and selection of systems for further study. Procedures 
15A1.13 and 15A1.14 describe the use of the BET 
model and a solution thermodynamic model for cor- 
relation of pure-gas isotherm data. 

The use of the potential theory for correlating the 
temperature effects on pure-gas adsorption is described 
in Procedure 15A2.1. Some typical examples and po- 
tentially useful data are given in Figures 15A2.2 
through 15A2.6. 

Section 15B treats gas-mixture adsorption. Some typ- 
ical adsorption phase equilibrium diagrams are shown 
in Figures 15B1.1 through 15B1.6. Procedures 15B1.7 
and 15B1.8 present two solution thermodynamic mod- 
els that are useful for the prediction of gas-mixture 
equilibria from pure-gas isotherm data. 


(text continued on page 15-9) 
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Component 
Methane 


Ethane 


Propane 


n-Butane 


i-Butane 


n-Pentane 


i-Pentane 


n-Hexane 


n-Heptane 


Ethylene 


Propene 


1-Butene 


Acetylene 


Benzene 


1983 


API TECHNICAL DATA BOOK 


TABLE 15-0.1 


LITERATURE SOURCES OF PURE-GAS ADSORPTION DATA 


Adsorbent 


Active carbon 


Silica gel 
Molecular sieve 4A 


Active carbon 

Silica gel 

Zeolites (general) 
Molecular sieve 4A 
Molecular sieve 13X 


Active carbon 

Silica gel 

Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 13X 


Active carbon 
Silica gel 
Molecular sieve 13X 


Active carbon 
Silica gel 
Molecular sieve 13X 


Active carbon 
Silica gel 
Molecular sieve 5A 


Active carbon 
Silica gel 


Molecular sieve 13X 


Active carbon 

Silica gel 

Molecular sieve 5A 
Molecular sieve 13X 


Active carbon 

Silica gel 

Zeolites (general) 
Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 13X 


Active carbon 

Silica gel 

Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 13X 


Active carbon 
Silica gel 
Molecular sieve 5A 


Active carbon 
Silica gel 
Molecular sieve 4A 


Active carbon 

Silica gel 

Molecular sieve 5A 
Molecular sieve 13X 
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Temperature 


Range (F) 
—77 to 300 


75 to 300 
100 to 300 


—77 to 400 
32 to 300 
77 to 200 
32 to 600 
32 to 212 


32 to 450 

—30 to 300 
77 

77 to 185 
77 


68 to 400 
75 to 300 
77 


75 to 300 
75 to 300 
77 to 212 


75 to 300 
75 to 300 
32 to 660 


75 to 300 
75 to 300 


77 


77 
77 to 300 
77 to 300 
77 to 300 


—77 to 400 
32 to 104 
77 to 200 
32 to 300 

—46 to 572 
77 to 212 


32 to 250 
—32 to 104 


77 to 300 


Pressure 
Range (psia) 


0 to 1000 


15 to 2000 
0 to 20 


0 to 1000 
2 to 2000 
0 to 15 
0 to 20 
0 to 20 


0 to 1000 
0 to 1000 
3 to 20 
0 to 15 
0 to 15 


0 to 1000 
10 to 1000 
0 to 15 


10 to 1000 
10 to 1000 
0 to 20 


10 to 1000 
10 to 1000 
Oto 4 


10 to 1000 
10 to 1000 


0 to 15 


Otol 
Otol 
Otol 
Otol 


0 to 250 
0 to 15 
0 to 15 
0 to 20 
0 to 15 
0 to 23 


0 to 120 
0 to 15 
0 to 20 
0 to 6 

0 to 15 


QO to 15 
0 to 15 
0 to 15 


0 to 20 
2 to 14 
0 to 20 


Oto 1.4 
0 to 1.4 
Oto 1.4 
0 to 1.4 


Information Handling Services, 


Reference 


21,38,39,72,97 98,100,120, 
121,126 

38, 72,77 

72 


21,38,62,66,72,97,98,120,121 
38,52,72,77 
12,13 


38,52,70,72,97,120,121 
38,52,67,70,72,76,77 


38 


9 ,21,52,72,97 98,120,121 
52,67 ,71,72 


21,52,66,70,72,97,120,121 
52,67,70,72,76 


66,71,72,97,120 
71 
72 


72 
72 
72 
72 
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Component 


Oxygen 


Nitrogen 


Carbon dioxide 


Carbon monoxide 


Hydrogen 
Helium 


Hydrogen sulfide 
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Adsorbent 


Silica gel 

Zeolites (general) 
Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 10X 
Molecular sieve 13X 


Active carbon 

Silica gel 

Zeolites (general) 
Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 10X 
Molecular sieve 13X 


Active carbon 


Silica gel 

Zeolites (general) 
Molecular sieve 4A 
Molecular sieve 5A 


Active carbon 

Silica gel 

Molecular sieve 4A 
Molecular sieve 5A 
Molecular sieve 10X 


Active carbon 
Active carbon 
Active carbon 
Silica gel 
Molecular sieve 4A 


Molecular sieve 5A 
Molecular sieve 13X 


TABLE 15-0.1 (Continued) 


Temperature 
Range (F) 


32 to 212 
—320 to 0 
—300 to 122 


—200 to —97.6 


—200 to 32 
32 to 212 


—320 to 300 
-171 
—145 to 0 
—108 to 32 
—320 to 32 
—320 to 32 
—320 to —297 


—77 to 300 


32 to 300 
107 to 320 
—100 to 660 

32 to 575 


77 to 400 

32 to 212 
—100 to 32 
—320 to 32 
—200 to 32 


32 to 200 
280 to —190 


—6 to 212 
302 

77 to 302 

77 to 302 

77 to 302 
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Pressure 
Range (psia) 


0 to 15 
0 to 15 
Q to 15 
0 to 31 
0 to 42 
0 to 15 


0 to 220 
O0to7 
0 to 15 
0 to 15 
0 to 31 
0 to 37 
0 to 15 


0 to 1000 


0 to 1000 
0 to 735 
0 to 20 

0 to 20 


0 to 260 
0 to 15 
0 to 15 
0 to 20 
0 to 38 


0 to 260 
28 to 1632 


0 to 20 
0 to 8 
0 to 4 
0 to 15 
0to 8 


Reference 


75 

2 

72 
23,102 
23,26,91 
75 


33,52,81,97,126 
52 


2 

102 
23,72,102 
23,91 
72,123 


9,38,52,72,81,97,98, 100,120, 


121,126 
38,52,72,75 


23,34,72,102 
23,26,91 


31,97,126 
33 
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Gas-Mixture 
Components 


Two-Component Systems 


CH,- 
CH. 


C3He 
CH, 
co 
co, 
CoHe- 
C;3He 
i -C4H 10 
C,H, 
C3He 
co, 


C,Hs— 
n -C,Hio 


C.H, 
C3H, 


co, 


i-C,Hyo-CoHa 


C.H,.~ 
C3He 


C,H, 
co, 


CsHe- 
co, 


co 


N2-CO 
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TABLE 15-0.2 


LITERATURE SOURCES OF GAS-MIXTURE ADSORPTION DATA 


Adsorbent 


AC-40 active carbon 
Nuxit-AL active carbon 
Silica gel 

Columbia G active carbon 
AC-40 active carbon 
Nuxit-AL active carbon 
BPL active carbon 

BPL active carbon 


Molecular sieve MSC-5A 
Nuxit-AL active carbon 
Molecular sieve 13X 
AC-40 active carbon 
Molecular sieve 13X% 
Nuxit-AL active carbon 
AC-40 active carbon 

BPL active carbon 
Columbia G active carbon 
Silica gel 


Columbia G active carbon 
Nuxit-AL active carbon 
Silica gel 

GLC active carbon 
Nuxit-AL active carbon 
Silica gel 

Columbia G active carbon 
Silica gel 


Molecular sieve 13X 


AC-40 active carbon 
Nuxit-AL active carbon 
Silica gel 

PCC active carbon 

Silica gel 

Columbia G active carbon 
Molecular sieve 13X 
Nuxit-AL active carbon 
Silica gel 


Columbia G active carbon 
Silica gel 

Molecular sieve 5A 
Molecular sieve 10X. 
Molecular sieve 10X 
Molecular sieve 5A 
Molecular sieve 10X 
Molecular sieve 10X 
Molecular sieve 10X 
Molecular sieve 5A 
Molecular sieve 10X 
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Temperature 
(F) 


86, 104, 122 
32, 86 
32, 77 


—200 
—150, ~—50, 32 
—200 
~200 
—150, —50, 32 
—150, —50, 32 
—200 
—200 


Pressure 
(psia) Reference 
1.5 21 
14.7 122 
0 to 1400 78 
14.7 125 
1.5 21 
14.4 122 
50 126 
50 126 
1.9, 5.8 89 
14.7 122 
20 50 
1.5 21 
20 22 
14.7 122 
1.5 21 
3.9, 5.8, 7.7 65 
14.7 $2 
14.7 52 
14.7 111 
14.5 122 
14.7 67 
14.7 70 
14.7 122 
14.7 70 
14.7 52 
14.7 52 
20 50 
1.45 21 
14.7 122 
14.7 67 
14.7 71 
14.7 71 
14,7 $2 
20 50 
14.7 122 
14.7 52 
14.7 $2 
14.7 §2 
14.7 23 
14.7 23 
14.7 91 
14.7 23 
14.7 23 
14.7 91 
14.7 91 
14.7 23 
14.7 23 
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TABLE 15-0.2 (Continued) 


Gas-Mixture 
Components Adsorbent 


Two-Component Systems 


co,- 
co BPL active carbon 
H, Columbia G active carbon 


Three-Component Systems 


CH,-C-H,-C.H, AC-40 active carbon 
CH.-C2H.-H2 Nuxit-AL active carbon 
CH.-C3H¢g-n-CyHio Columbia G active carbon 
CH,-CO,-CO BPL active carbon 
CL,H,-C,H.-C3H, AC-40 active carbon 
C,H,-C.H,-H:2 Nuxit-AL active carbon 
O2-N2-CO Molecular sieve 10X 


Four-Component Systems 


CH,-CO,-CO-H, BPL active carbon 


15-6 
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Temperature 


(F) 


77 


Pressure 
(psia) Reference 
50, 100 126 
14.7 52 
1.5 21 
14.7 122 
14.7 125 
50 126 
1.5 21 
14.7 122 
14.7 26 
50 126 
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Liquid-Mixture Components 


Two-Component Systems 


Acetone—chloroform 


Anthracene-cyclohexane 


Benzene— 
Bromobenzene 


Chlorobenzene 


Chloroform 
Cyclohexane 


Dioxane 
Ethanol 


Ethyl acetate 
Ethylene dichloride 


Methanol 


Methyl acetate 
n-Butanol 


n-Butylamine 
n-Decane 
n-Heptane 


n-Hexane 
Nitrobenzene 
Nitromethane 
n-Octane 


2,2,4-Trimethylpentane 


Benzoic acid— 


Carbon tetrachloride 


Water 


Benzyl alcohol-water 


Bromobenzene-toluene 


Carbon tetrachloride— 
Chloroform 
1-Naphthoic acid 
2-Naphthoic acid 


1983 


TABLE 15-0.3 


Adsorbent 


Active carbon 
Chemviron type CAL 
Graphon, spheron 6 


Alumina 

Silica gel 

Alumina 

Silica gel 

Boehmite 

Active carbon, carbon black, 
graphite, alumina 

Boehmite 

BPL active carbon 

CabOSil, HiSil, graphon 

Graphon, spheron 6 

Silica gel 

Silica gel 

Active carbon, alumina 

Boehmite, y-alumina, gibbsite, 
titania gel 

BPL active carbon 

CabOSil, HiSil, graphon 

BPL active carbon 

Boehmite, -y-alumina, titania gel, 
silica gel 

BPL active carbon, silica gel 

Active carbon, alumina, 
silica gel 

Active carbon 

Boehmite, y-alumina, gibbsite 

CAL active carbon 

Active carbon 

Boehmite, silica gel 

Boehmite, y-alumina, gibbsite, 
y-Al(OH)3 

Boehmite, silica gel, y-alumina 

CAL active carbon 

CAL active carbon 

Silica gel 

CAL active carbon 

Alumina, silica gel 

Alumina, silica gel 

CAL active carbon 

CAL active carbon 


Graphon, spheron 6 

Nuxit LBS, Nuxit AL III 
active carbons 

Molecular sieve SA 

Alumina 

Silica gel 


Active carbon 
Graphon, spheron 6 
Graphon, spheron 6 
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LITERATURE SOURCES OF LIQUID-MIXTURE ADSORPTION DATA 


Temperature 
(F) Reference 
77 61 
77 106 
86 127 
77 18 
77 41 
77 18 
77 41 
68 55,58 
77 88 
68 55,58 
86 84 
86 79 
86 127 
32,68,77,86,140 73,109,113,117 

68 117 
77 88 

77,140 55,56,58 

32,86,140 109 

86 79 
86 84 
68 55,56,58 
86 109 
77 88 
77 88 
77 55 
77 108 
77 88 

68,140 55 ,56,58 
68 55 ,56,58 
68 57,58 
77 108 
77 108 

77,86 35,109 
77 108 
86 116 
86 116 
77 108 
77 108 
86 128 
7T7 106 
77 $1 
V7 18 
77 41 
77 88 
86 127 
86 127 
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Liquid-Mixture Components 
Two-Component Systems 
Chlorobenzene-—toluene 


Cyclohexane— 
Dioxane 
Ethanol 


Ethyl acetate 

Naphthalene 

n-Heptane 

Nitrobenzene 

Piperidine 

Pyridine 

Stearic acid 
Dioxane— 

Nitrobenzene 

Nitromethane 

Water 
Ethanol— 

Pyridine 

Water 
Ethylenediamine—water 
Ethylene dichloride— 

methyl acetate 
Furfuryl alcohol—-water 
Methanol- 

n-Heptane 

n-Octane 

n-Nonane 

n-Decane 

t-Butanol 

Toluene 

2,2,4-Trimethylpentane 

Water 
n-Butanol—water 


n-Decane— 

n-Heptane 

n-Octane 

n-Dodecane 

n-Tetradecane 

2,2,4-Trimethylpentane 
n-Dodecane— 

n-Heptane 

n-Tetradecane 
n-Heptane-n -Tetradecane 
n-Hexane-toluene 
n-Octane-toluene 
t-Butanol—water 


Three-Component Systems 


Benzene-cyclohexane— 
ethyl acetate 

Methanol-t-butanol- 
water 
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TABLE 15-0.3 (Continued) 


Adsorbent 


Alumina 
Silica gel 


Silica gel 

BPL active carbon 

CabOSil, HiSil, graphon 

BPL active carbon 

Graphon, spheron 6 

Silica gel 

Alumina, silica gel 

y-Alumina, boehmite, silica gel 
Boehmite, silica gel, y-alumina 
Spheron 6, graphon 


Alumina, silica gel 
Alumina, silica gel 
Molecular sieve SA 


Active carbon 
Active carbon 
Molecular sieve 4A 


Boehmite 
Molecular sieve 5A 


CAL active carbon 
CAL active carbon 
CAL active carbon 
CAL active carbon 
Molecular sieve 5A 
CAL active carbon 
CAL active carbon 
Molecular sieve 5A 
Nuxit A I, Nuxit A III 
active carbons 


Molecular sieve 5A 
CAL active carbon 
Molecular sieve 5A 
Molecular sieve 5A 
CAL active carbon 


Molecular sieve 5A 
Molecular sieve 5A 
Molecular sieve 5A 
CAL active carbon 
CAL active carbon 
Molecular sieve 5A 


BPL active carbon 


Molecular sieve 5A 
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Temperature 
(F) Reference 
77 18 
77 41 
68 117 
86 109 
86 79 
86 84 
86 127 
86 109 
86 116 
68 57 
68,140 57,58 
68 61 
86 116 
86 116 
77 $1 
77 88 
77 88 
77 51 
68 55,58 
68 60 
77 108 
77 108 
77 108 
77 108 
86 4 
77 108 
77 108 
86 4 
77 106 
86,140,194 114 
77 108 
86,140,194 114 
86,140,194 114 
77 108 
86,140,194 114 
86,140,194 114 
86,140,194 114 
77 108 
77 108 
86 4 
86 84 
86 4 
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Adsorption from liquid mixtures is considered in Sec- 
tion 15C. Some representative isotherms for binary sys- 
tems are given in Figures 15C1.1 through 15C1.10. Pro- 
cedures 15C1.11 and 15C1.12 describe the use of the 
linear and nonlinear correlations for the treatment of 
the adsorption isotherms of binary liquid mixtures. 


References on Adsorption Equilibria 


These references are recommended for those inter- 
ested in further study of the methods of treating ad- 
sorption equilibria. 


Gas Adsorption 


General references: 


Ruthven, D.M., Principles of Adsorption and Ad- 
sorption Processes, Wiley & Sons, New York (1984). 

Van Ness, H. C., “Adsorption of Gases on Solids— 
Review of the Role of Thermodynamics,” Ind. Eng. 
Chem. Fundam. 8 464 (1969). 

Young D. M., Crowell, A. D., Physical Adsorption of 
Gases, Butterworths, London (1962). 


Two-dimensional gas model: 

Barrer, R. M., Lee J. A., “Hydrocarbons in Zeolite L: 
II. Entropy, Physical State and Isotherm Model,” 
Surf. Sci. 12 354 (1968). 

Hoory, S. E., Prausnitz, J. M., “Monolayer Adsorption 
of Gas Mixtures on Homogeneous and Hetero- 
geneous Solids,” Chem. Eng. Sci. 22 1025 (1967). 

Ross, R., Olivier, J. P., On Physical Adsorption, Inter- 
science Publishers, New York (1964). 


Potential theory: 

Bering, B. P., Serpinskii, V. V., Surinova, S. I., “Cal- 
culation of Adsorptional Equilibrium Parameters for 
Adsorbent-Binary Gas Mixture Systems,” Proc. 
Acad. Sci. USSR Phys. Chem. Sect. 153 949 (1963). 

Dubinin, M. M., “The Potential Theory of Adsorption 
of Gases and Vapors for Adsorbents with Ener- 
getically Nonuniform Surfaces,” Chem. Rev. 60 235 
(1960). 

Grant, R. J., Manes, M., “Adsorption of Binary Hy- 
drocarbon Gas Mixtures on Activated Carbon,” Ind. 
Eng. Chem. Fundam. 5 490 (1966). 

Lewis, W. K., Gilliland, E. R., Chertow, B., Cadogan, 
W. P., “Adsorption Equilibria: Hydrocarbon Gas 
Mixtures,” Ind. Eng. Chem. 42 1319 (1950). 

Lewis, W. K., Gilliland, E. R., Chertow, B., Cadogan, 
W. P., “Adsorption Equilibria: Pure Gas Iso- 
therms,” Ind. Eng. Chem. 42 1326 (1950). 

Polanyi, M., ‘Theories of the Adsorption of Gases: A 
General Survey and Some Additional Remarks,” 
Trans. Faraday Soc. 28 316 (1932). 
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Kinetic theory: 

Arnold, J. R., “Adsorption of Gas Mixtures: Nitrogen- 
Oxygen on Anatase,” J. Am. Chem. Soc. 71 104 
(1949). 

Brunauer, S., Emmett, P. H., Teller, E., “Adsorption 
of Gases in Multimolecular Layers,” J. Am. Chem. 
Soc. 60 309 (1938). 

Hill, T. L., “Theory of Multicomponent Adsorption 
from a Mixture of Gases,” J. Chem. Phys. 14 268 
(1946). 

Kemball, C., Rideal, E. K., Guggenheim, E. A., 
“Thermodynamics of Monolayers,”’ Trans. Faraday 
Soc. 44 948 (1948). 

Langmuir, I., “The Adsorption of Gases on Plane Sur- 
faces of Glass, Mica and Platinum,” J. Am. Chem. 
Soc. 40 1361 (1918). 

Markham, E. C., Benton, A. F., “The Adsorption of 
Gas Mixtures by Silica,” J. Am. Chem. Soc. 53 497 
(1931). 


Statistical thermodynamic model: 

Ruthven, D. M., “Sorption of Oxygen, Nitrogen, Car- 
bon Monoxide, Methane, and Binary Mixtures of 
These Gases in SA Molecular Sieves,” AIChE Jour- 
nal 22 753 (1976). 

Ruthven, D. M., Loughlin, K. F., “Sorption of Light 
Paraffins in Type-A Zeolites: Analysis and Interpre- 
tation of Equilibrium Isotherms,” J. Chem. Soc. 
(London), Faraday Trans. 1 68 696 (1972). 

Ruthven, D. M., Loughlin, K. F., Holborow, K. A., 
“Multicomponent Sorption Equilibria in Molecular 
Sieve Zeolites,” Chem. Eng. Sci. 28 701 (1973). 


Thermodynamic solution theory: 

Bering, B. P., Serpinskii, V. V., “The Theory of Ad- 
sorption Equilibrium Based on the Thermodynamics 
of Vacancy Solutions,”’ Izv. Akad. Nauk SSSR, Ser. 
Khim. 11 2427 (1974). 

Dubinin, M. M., “Investigations of Equilibria and Ki- 
netics of Adsorption of Gases on Zeolites,” Molecu- 
lar Sieves-II, ACS Symposium Series 40 1, American 
Chemical Society, Washington, DC (1977). 

Myers, A. L., Prausnitz, J. M., ‘““‘Thermodynamics of 
Mixed-Gas Adsorption,” AIChE Journal 11 121 
(1965). 

Sircar, S., Myers, A. L., “Surface Potential Theory of 
Multilayer Adsorption from Gas Mixtures,” Chem. 
Eng. Sci. 28 489 (1973). 

Suwanayuen, S., Danner, R. P., “A Gas Adsorption 
Isotherm Equation Based on Vacancy Solution 
Theory,” AIChE Journal 26 68 (1980). 

Suwanayuen, S., Danner, R. P., “Vacancy Solution 
Theory of Adsorption from Gas Mixtures,” AIChE 
Journal 26 76 (1980). 


15-9 


Information Handling Services, 


2000 


API TDB CHAPTER*15 ** MMB 0732290 0537495 Tlb 


API TECHNICAL DATA BOOK 


Liquid Adsorption 


General references: 

Kipling, J. J., Adsorption from Solutions of Non- 
Electrolytes, Academic Press, London (1965). 

Schay, G., “‘Remarks on the Adsorption of the Com- 
ponents of Binary Liquid Mixtures,” Acta Chim. 
Acad. Sci. Hung. 10 281 (1956). 

Sircar, S., Myers, A. L., “A Thermodynamic Consis- 
tency Test for Adsorption from Binary Liquid Mix- 
tures on Solids,’ AIChE Journal 17 186 (1971). 


Empirical Correlations: 

Bartell, F. E., Scheffler, G. H., “Adsorption by Silica 
and Carbon from Binary Organic Liquid Mixtures 
over the Entire Concentration Range,” J. Am. 
Chem. Soc. 53 2507 (1931). 

Kipling, J. J., Wright, E. H. M., “Sorption by a Molec- 
ular Sieve from Liquid Mixtures,” Trans. Faraday 
Soc. 55 1185 (1959). 

Schay, G., Nagy, L. G., Szekrenyesy, T., ““Compara- 
tive Studies on the Determination of Specific Surface 
Areas by Liquid Adsorption,” Periodica Polytech. 4 
95 (1960). 


Molecular theory: 

Elton, G. A. H., ‘‘Adsorption from Binary Solutions of 
Completely Miscible Liquids: Part I. Calculation of 
Surface Mole-Fraction Isotherms,” J. Chem. Soc. 
(London) 2958 (1951). 

Hansen, R. D., Hansen, R. S., ‘‘Adsorption of Both 
Components from Binary Solution on Porous Ad- 
sorbents,” J. Colloid Sci. 9 1 (1954). 

Kipling, J. J., Tester, D. A., “Adsorption from Binary 
Mixtures: Determination of Individual Adsorption 
Isotherms,” J. Chem. Soc. (London) 4123 (1952). 

Schay, G., Nagy, L. G., Foti, G., “On the Estimation 
of Adsorption Capacities from L/S Excess Isotherms 
of Dilute Solutions,” Acta Chim. Acad. Sct. Hung. 
100 289 (1979). 
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Potential theory: 

Hansen, R. S., Fackler, W. V., “A Generalization of 
the Polanyi Theory of Adsorption from Solution,” J. 
Phys. Chem. 57 634 (1953). 

Manes, M., Hofer, L. J. E., “Application of the 
Polanyi Potential Theory to Adsorption from Solu- 
tion on Activated Carbon,” J. Phys. Chem. 73 584 
(1969). 


Statistical thermodynamic model: 

Sircar, S., Myers, A. L., ‘Statistical Thermodynamics 
of Adsorption from Liquid Mixtures on Solids: I. 
Ideal Adsorbed Phase,” J. Phys. Chem. 74 2828 
(1970). 


Thermodynamic methods: 

Everett, D. H., ‘““Thermodynamics of Adsorption from 
Solution: Part 1. Perfect Systems,” Trans. Faraday 
Soc. 60 1803 (1964). 

Larionov, O. G., Myers, A. L., ‘““Thermodynamics of 
Adsorption from Nonideal Solutions of Nonelec- 
trolytes,” Chem. Eng. Sci. 26 1025 (1971). 

Minka, C., Myers, A. L., “Adsorption from Ternary 
Liquid Mixtures on Solids,” AIChE Journal 19 453 
(1973). 

Nagy, L. G., Schay, G., “Adsorption of Binary Liquid 
Mixtures on Solid Surfaces: Thermodynamical Dis- 
cussion of the Adsorption Equilibrium, I,” Acta 
Chim. Acad. Sci. Hung. 39 365 (1963). 

Radke, C. J., Prausnitz, J. M., ‘““Thermodynamics of 
Multi-Solute Adsorption from Dilute Liquid Solu- 
tions,” AIChE Journal 18 761 (1972). 

Sircar, S., Myers, A. L., “Prediction of Adsorption at 
Liquid-Solid Interface from Adsorption Isotherms of 
Pure Unsaturated Vapors,” AIChE Journal 19 159 
(1973). 
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COMMENTS ON FIGURES 15A1.1 THROUGH 15A1.10 


Purpose 


The pure-component isothermal adsorption capacities of various hydrocarbons and certain 
important nonhydrocarbons are shown as a function of pressure for several important ad- 
sorbents. These capacities are given in units of pound moles of adsorbate per pound of 
adsorbent. 


Rellability 


In addition to the usual! reliability considerations in phase equilibria data, the extent of 
regeneration of the solid surface must be considered in adsorption equilibria. For physical 
adsorption on highly porous materials such as those represented in these figures, the results 
are not highly sensitive to the actual regeneration conditions as long as the solids are heated 
to a sufficiently high temperature in a moderate vacuum or while being purged with a dry, 
inert gas to drive off any adsorbed water. In general this requires temperatures above 400 F. 
Adjustments for different sources and batches of adsorbent and for variations in regeneration 
conditions can be made by multiplying the amount adsorbed by the ratio of the BET surface 
area of the actual sample to the BET surface area of the adsorbent given in the figure. 


Literature Sources 


Figure 15A1.1 (21) 
Figure 15A1.2 (98) 
Figure 15A1.3 (97) 
Figure 15A1.4 (120, 121) 
Figure 15A1.5 (120, 121) 
Figure 15A1.6 (23) 
Figure 15A1.7 (22, 50) 
Figure 15A1.8 (22, 50) 
Figure 15A1.9 (52) 
Figure 15A1.10 (67, 70) 
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COMMENTS ON TABLE 15A1.11 


Purpose 


These water adsorption capacities were extracted from the literature in order to provide 
a means of getting an approximate adsorption capacity for water vapor on commonly encoun- 
tered adsorbents. The capacities are based on adsorption from air or another carrier gas that 
is essentially not adsorbed compared to water. 


Reliability 


In addition to the usual reliability considerations in phase equilibria data, the extent of 
regeneration of the solid must be considered in adsorption equilibria. Because of this, the 
degassing temperature and time have been included in the adsorbent specification whenever 
possible. 


Special Comments 


The pressures in Table 15A1.11 are not absolute pressures, but rather relative pressures 
pip*, where p is the partial pressure of water and p* is the vapor pressure of water at the 
temperature of adsorption. The vapor pressure of water between 32 F and 420 F can be 
calculated with less than 0.15 percent error from the following equation: 


1.2928 x 104 
T 


+ 1.1714 x 10°6T? (1SA1.11-1) 


In p* = 66.893 ~ — 6.9875 In T 


where p* is in pounds per square inch absolute and T is in degrees Rankine. 


15A1.11 


15-25 


Information Handling Services, 


2000 


API TDB CHAPTER*15 ** MB 0732290 0537510 O5c 


15A1.12 
TABLE 15A1.12 
ISOSTERIC HEATS OF ADSORPTION OF VARIOUS GASES 
Amount Isosteric Heat of Adsorption, Btu/Ib-mol 
Temperature Adsorbed Active Carbon Molecular Sieves” 
Range (b-mollb) Se a 
Adsorbate (F) x 10* ASC BPL ColumbiaG Nuxit-AL Silica Gel 10X 13% 
Methane 8-104 10 —_ 7,810 — 7,340 — —_— _ 
15 —_— 7,230 — 6,820 — — — 
20 — 7,000 _— = — = os 
100-150 10 — — 8,390 —_— — _— — 
15 — —_— 7,720 —_ — — — 
20 — — 7,320 _ —_— — — 
Ethane 8-104 5 —_ — —_ — 8,840 — 8,290 
10 — — — 9,190 ~~ — 12,500 
20 — 9,960 — 11,960 — — 13,420 
30 —_ 12,100 — 10,530 — — —_— 
77-150 10 — 19,740 —_ 12,930 —_ — 11,450 
20 _ 13,280 8,810 12,340 _ —_ 12,130 
30 —_ 14,400 12,950 12,130 — — — 
Propane 32-104 10 — — — — 11,330 — — 
14 — — _— 26,420 — — — 
40 — — 12,170 14,560 — — — 
100-150 20 — — 8,620 11,980 — — — 
30 — — 12,800 13,180 —_ — — 
40 — —_— 13,110 13,390 — —_ _ 
n-Butane 100-150 20 — — — 12,930 — _ — 
30 — — — 13,670 —_ — — 
35 — —_— 17,080 16,790 — — — 
i-Butane 77-122 10 — — _ — —_ _ 19,590 
12 — — —_ — — — 14,920 
15 a — — — — — 20,100 
Ethylene 8-104 0.5 —_ — _ —_ 10,600 — — 
5 — _ — — 11,430 — — 
10 — — — — 9,120 — —_ 
20 — 10,0990 8.460 — — —_ — 
30 cae 9,930 8,940 — — — a 
77-122 10 _ — —_ —_ —_— — 16,460 
15 — — — —_— —_ — 16,870 
20 — — — —_— —_— —_ 13,790 
100-150 10 — _ 5,840 11,620 — —_ — 
20 — —_ 6,550 10,800 _ — — 
30 — — 10,120 10,640 —— — — 
Propylene 32-104 15 —_ — _ — 12,900 ar = 
21 — —_— — — 11,200 — — 
40 — — 11,120 — _ — — 
45 — —_— 10,350 — — —_ — 
100-150 25 — 9,930 15,040 9,900 —_ — — 
30 _— 8,780 14,160 12,750 — — — 
40 — 11,020 13,650 —_— — — — 
Acetylene 100-150 10 _ 9,590 _ 15,810 _ —_— — 
20 — 8,190 — — — — — 
40 — — 12,820 — — — — 
Carbon dioxide &-86 8 — — 10.010 — 8,860 —_ — 
20 _ 12,560 8,190 — —_— — _ 
30 —_ 9,500 — — —_ — — 
40 — 9,590 — _ —_ _ — 
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15A1.12 
TABLE 15A1.12 (Continued) 
Amount Isosteric Heat of Adsorption, Btu/Ib-mol 
Temperature Adsorbed Active Carbon Molecular Sieves* 
Range (b-nollb): SS 
Adsorbate (F) x 10° ASC BPL ColumbiaG Nuxit-AL Silica Gel 10X 13X 
Carbon dioxide 71-150 5 12,180 7,130 — 8,950 ~ — 
10 11,030 = 5,560 — 10,720 — — 18,400 
20 —_— — 19,310 9,620 — — 18,760 
Carbon monoxide —50-32 5 — — — —_ — 10,830 _ 
10 as = = _ —_ 8,960 — 
12 — — — — — 8,940 — 
100-200 5 —_— —_— 7,220 — — os wae 
10 — — 5,280 — — —_ —_ 
12 —_ — §,240 —_ = ges ae 
Oxygen —50-32 1 —_ _ _ _ — 5,220 —_ 
2 _ _ _— —_ — 5,250 —_ 
3 — — —_ —_— 5,250 
Nitrogen —50-32 1 —_ —_ — 4,850 _— 
6 _— _— — _ —_ 8,340 — 
86-150 1 12,030 13,770 a — — one <= 
6 — = 6,490 = ee ~ es 
15 ~~ — 5,970 ae == — ae 
Hydrogen 150-200 1 —_ 5,130 — —_ — — 
2 —_ —_ 4,870 — — — — 
2.5 ae — 4,800 = a -_ a 
“Pellet form containing 20 percent binder. 
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15A1.12 
COMMENTS ON TABLE 15A1.12 
Purpose 

The values of the isosteric heats of adsorption in Table 15A1.12 were calculated from data 
in the literature and are provided as a means of comparing the thermal effects associated with 
the adsorption of different gases on the most frequently encountered adsorbents. 

Special Comments 
The isosteric heats of adsorption (heats of adsorption at constant amount adsorbed) were 
calculated from adsorption isotherm data using a form of the Clausius-Clapeyron equation: 
-}| =RNT , Pp 
qu = On Tr Te) inde | 
N (15A1.12-1) 

Where: 

gx = isosteric heat of adsorption, in British thermal units per pound-mole. 

R = gas constant, 1.986 British thermal units per (pound-mole) (degree R). 

T = temperature, in degrees Rankine. 

p = pressure, in pounds per square inch. 

N* = amount adsorbed, in pound-moles per pound of adsorbent. 

Equation (15A1.12-1) is theoretically correct only in the case where the heat of adsorption 
is independent of temperature. The closer the temperatures 7, and 72, the more closely this 
requirement is met. The equation can be used, however, as an approximation for the isosteric 
heat of adsorption when the isotherm temperatures are separated by a reasonable amount. 
Reliability 

The values of the isosteric heat of adsorption given in the table are not very accurate, and 
should be used with caution. The usefulness of the table lies in its ability to indicate trends 
in the heat of adsorption as certain variables or parameters are changed. The values given 
in the table, though not quantitatively accurate, may also be useful in design calculations. 
Literature Sources 

The isotherm data used to calculate the isosteric heats of adsorption were extracted from 
the following sources: 

ASC active carbon (81) 
BPL active carbon (33, 39, 66, 81, 98, 100) 
Columbia G active carbon (52, 97) 
Nuxit-AL active carbon (120, 121) 
Silica gel (52, 67, 70, 71) 
Molecular sieve 10X (91) 
Molecular sieve 13X (22, 50) 
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15A1.13 


PROCEDURE 15A1.13 


CORRELATION OF PURE-COMPONENT ISOTHERMAL ADSORPTION DATA 


Discussion 


If three or more values are known for the total amount of a pure gas adsorbed at varying 
pressure and constant temperature, the following equation, known as the BET equation, can 
be used to interpolate the data or extrapolate it over a limited range: 


p reas | Cai Pe. 2 
N(p°=p) NC NRC ? (15A1.13-1) 
Where: 

p = adsorption equilibrium pressure, in pounds per square inch absolute. 

p° = vapor pressure of adsorbate at the adsorption temperature, in pounds per square 
inch absolute. 

N* = number of moles of gas adsorbed at any pressure, in pound-moles adsorbed per 
pound of adsorbent. 

N*” = regression constant that represents the total amount adsorbed if the entire surface 
is covered with one layer of adsorbed molecules, in pound-moles adsorbed per 
pound of adsorbent. 

C = regression constant, unitless. 

The isothermal data may be plotted as p/[N‘ (p° — p)] versus the relative pressure, p/p”. 
In the relative pressure range of 0.05 to 0.40 the plot will usually be linear. Serious deviations 
may occur outside this range. The constants N*™ and C can be determined from the slope 
and ordinate intercept of the straight-line portion. 


ed 4h. ht ed 
Nom Cc Ne C Nom 


slope + intercept = (15A1.13-2) 


2 i : 
C= Tsp (15A1.13-3) 


Procedure 


Step I: Plot the data in the form of p/[N* (p° — p)| versus p/p’. 

Step 2: In the relative pressure (p/p°) region from 0.05 to 0.40, construct a straight line 
representing the data as closely as possible, and determine the slope and intercept. Alterna- 
tively the slope and intercept can be obtained from a simple regression analysis of the data 
in the appropriate form. 

Step 3: Calculate N*™ and C from equations (15A1.13-2) and (15A1. 13-3). 

Step 4: Equation (15A1.13-1) may now be used to interpolate or extrapolate the data in 
the relative pressure range between 0.05 and 0.40. 
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COMMENTS ON PROCEDURE 15A1.13 


Purpose 


Procedure 15A1.13 is given as a method of interpolating or extrapolating pure-gas ad- 
sorption data at constant temperature over the relative pressure (p/p°) range of 0.05 to 0.40. 
If a better representation is required over a larger pressure range, Procedure 15A1.14 is 
recommended. The value of N*™ calculated by this procedure can also be used to calculate 
the surface area of the adsorbent. The surface area calculated from the N*™ value for the 
adsorption of nitrogen at its normal boiling point has become the accepted characterization 
surface area (BET area) for industrial adsorbents. In this calculation, 1 cubic centimeter of 
nitrogen at 77 F and 1 atmosphere is assumed to cover 4.37 square meters of surface. 


Limitations 


For most adsorption systems, reasonable linearity has been observed when the data are 
plotted as indicated by equation (15A1.13-1) in the relative pressure range of 0.05 to 0.40. 
Outside this range large deviations are often encountered. 


Reliability 


Within the recommended range of application, equation (15A1.13-1) will usually represent 
the data within 5 percent. 


Literature Source 


Equation (15A1.13-1) was originally developed by Brunauer, S., Emmett, P. H., and 
Teller, E., J. Am. Chem. Soc. 60 309 (1938). 


Example 


Find the value of N*™ and C for adsorption of propylene on Columbia G active carbon at 
86 F. 

The isotherm data of Jelinek (52) are given in the table below along with the appropriate 
form of the data for the procedure. (From Chapter 5, the vapor pressure of propylene at 86 
F is 185 pounds per square inch absolute.) 


P N, * 10° PANAp° ~ p)] 
(psia) (Ib-mol per Ib) Pp per p? (1b per Ib-mol) 

6.38 4.304 0.0345 _ 
10.01 4.661 0.0541 12.27 
15.31 5.115 0.0828 17.65 
14.60 5.003 0.0789 17.12 

3.06 3.570 0.0165 _ 

5.59 4.127 0.0302 — 

9.33 4.640 0.0504 11.44 
12.37 4.890 0.0669 14.66 
14,74 5.084 0.0797 17.04 


A linear regression for the six points for which 0.05 < p/p° < 0.4 yields a slope of 191.8 
pounds per pound-mole and an intercept of 1.830 pounds per pound-mole. 

Therefore, 

Sift ad 1 = 1 = s 
Noms slope F intercept > 191.8 + 1.83 ~ 5.164 x 10-> pound-moles per pound 
and 
C= ee ee 104.8 
1—(slope)N"™ 1 — (191.8) (5.164 x 107°) : 
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15A1.14 
PROCEDURE 15A1.14 
ALTERNATE COMPUTER PROCEDURE FOR CORRELATION OF 
PURE-COMPONENT ISOTHERMAL ADSORPTION DATA 
Discussion 
If numerous values are known for the total amount of a pure gas adsorbed at varying 
pressure and constant temperature, the following equation, based on the vacancy solution 
model of adsorption, can be used to interpolate or extrapolate the data over wide ranges of 
pressure: 
i ae ct 15A1.14-1 
PN oe be el eee (Paley 
NI" = Ni* exp| 4 (15A1.14-2) 
b=b el 15A1.14-3 
1 = bo exp | RF ( 14-3) 
uy =mNP* — 1 (15A1.14-4) 
Where: 

p = adsorption equilibrium pressure, in pounds per square inch absolute. 

N;” = regression constant representing maximum amount of adsorption of gas 1, in pound- 
moles adsorbed per pound of adsorbent. 

b, = regression constant representing slope of the isotherm at infinite dilution of gas 1 
(Henry’s law constant), in pound-moles adsorbed per (pound of adsorbent) (pound 
per square inch). 

6 = fraction of surface covered, Nj/NS”. 

N; = amount of gas 1 adsorbed at any pressure, in pound-moles adsorbed per pound of 

adsorbent. 
Oy =a regression parameter (> — 1) representing interactions between the gas mole- 
cules and the solid surface, unitless. 
N3* = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in pound-moles per pound of adsorbent. 

r, = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in degrees Rankine. 

T = adsorption equilibrium temperature, in degrees Rankine. 

b., = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in pound-moles adsorbed per (pound of adsorbent) (pounds per square inch). 

qi = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in British thermal units per pound-mole. 

R = gas constant, 1.986 British thermal units per (pound-mole) (degree Rankine). 

m, = temperature-independent constant of proportionality, in pounds of adsorbent per 
pound-mole adsorbed. 

Procedure 
Step 1; Collect all data for the system of interest in terms of p, Nj, and 7. For a non- 
isothermal data set, use equations (15A1.14-1) through (15A1.14-4) to regress NT, ry Do» 
qi, and mm. For an isothermal data set, equation (15A1.14-1) should be used to regress NS, 
b,, and a,,. The nonlinear regression algorithm in the International Mathematical and 
Statistical Library, which uses a Marquardt-Levenberg optimization algorithm, has been 
found to be quite useful for these regressions. Other nonlinear regression methods, however, 
can also be used. 
Step 2: The data for a nonisothermal system can be interpolated or extrapolated by use of 
equations (15A1.14-1) through (15A1.14-4). For isothermal systems use (15A1.14-1). 
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COMMENTS ON PROCEDURE 15A1.14 


Purpose 

Procedure 15A1.14 is given as a method of interpolating or extrapolating pure-gas ad- 
sorption data for isothermal or nonisothermal systems over a wide pressure range. This 
procedure can be applied over a much wider pressure range than Procedure 15A1.13. Also, 
this procedure may be used to interpolate or extrapolate nonisothermal data; Procedure 
15B1.8 can be used only with isothermal data. 


Reliability 


The reliability of the extrapolations obtained with this method depends upon the accuracy 
and range of the data that were regressed. More meaningful values for the regression 
constants are obtained if the data include very low pressure values as well as pressure 
approaching that which saturates the surface. In general, equation (15A1.14-1) will represent 
pure-gas isotherm data to within 2 percent. 


Literature Source 


Equation (15A1.14-1) was taken from Cochran, T. W., Kabel, R. L., Danner, R. P., 
“Vacancy Solution Theory of Adsorption Using Flory-Huggins Activity Coefficient Equa- 
tions,” AIChE Journal 31 268 (1985). 


Example 


The data sets and listing of regression constants below are provided as a means of checking 
the reliability of any nonlinear regression algorithm. The objective function used to obtain 
the constants was Z[In Pexp — In pprea]” Where Pexp is the experimental adsorption pressure, and 
Pprea is the predicted value, and the sigma sign denotes summation over all data points. This 
example uses isothermal data; therefore, only Nj”, 61, and o1, are regressed. 

The following data are for oxygen adsorption on 10X molecular sieve at — 50 F (91): 


p N, x 104 P N, X 10° 
(psia) (!b-mol per Ib) (psia) (Ib-mol per Ib) 
0.32 0.098 13.45 3.922 
0.83 0.268 15.40 4,435 
1.61 0.518 17.35 4.908 
2.10 0.687 19.25 5.367 
2.93 0.941 21.20 5.849 
3.61 1.160 23.13 6.300 
5.80 1.811 25.05 6.732 
771 2.342 27.01 7.183 
9.64 2.869 28.90 7.593 
11.58 3.400 30.80 8.008 


Ny” = 4.00 x 107? pound-moles per pound 
b, = 3.24 x 107* pound-moles per (pound) (pound per square inch) 
oy = 4.2 x 1075 
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15A1.14 


The following data are for nitrogen adsorption on 10X molecular sieve at — 50 F (91): 


Nt” = 5.34 x 10° 
b, = 4.619 x 10 
oy = 3.580 


N, x 104 
(Ib-mol per Ib) 


1.521 
2.289 
3.003 
3.672 
4.305 
4.792 
5.599 
6.291 
7.509 
8.606 


3 pound-moles per pound 
*p per p 


pound-moles per (pound)(pound per square inch) 
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P 
(psia) 
10.62 
12.54 
14.46 
18.34 
20.26 
22.19 
24.09 
27.97 
29.85 
30.80 


N, x 104 
(Ib-mol per 1b) 


9.579 
10.440 
11.261 
12.688 
13.322 
13.857 
14.397 
15,459 
15.940 
16.204 
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PROCEDURE 15A2.1 
CORRELATION OF ADSORPTION CAPACITIES 


Discussion 


This procedure, based on the potential theory, provides a method that may be useful in 
correlating and predicting pure-component adsorption data. In many cases this method can 
correlate the temperature dependence for the adsorption of a single adsorbate on a specific 
adsorbent. It can also correlate data for a number of different adsorbates (at least for 
homologous series) on the same solid. 

The data must be put into the following functional form and plotted accordingly: 


Rt int =(N,V") (1SA2.1-1) 
f 
Where: 
R = universal gas constant, 10.731 (pounds per square inch absolute)(cubic feet) per 
(pound-mole)(degree Rankine). 
T = temperature, in degrees Rankine. 
V* = saturated liquid volume of the adsorbate at the temperature where the vapor pressure 
is equal to the adsorption pressure, in cubic feet per pound-mole. 
f° = fugacity of the vapor at the temperature of adsorption and the equilibrium vapor 
pressure, in pounds per square inch. 
f = fucacity of the vapor at the temperature and pressure of adsorption, in pounds per 
square inch. 
N, = amount of gas adsorbed per unit mass of adsorbent, in pound-moles of gas per pound 
of solid. 


This relationship simply says that there should be a correlation among adsorption data if they 
are plotted according to the indicated form. The functional relationship is not defined by an 
analytical equation. 


Procedure 


Step 1: For each adsorption pressure of interest, find the temperature for each adsorbate 
at which it would have a vapor pressure equivalent to the adsorption pressure. Equations 
containing specific constants like the Antoine equation, available vapor pressure plots, or 
generalized vapor pressure methods can be used (see Chapter 5). 

Step 2: Using the graphs or procedures given in Chapter 6, find the saturated liquid 
volume, V*, for each adsorbate at the appropriate temperature determined in Step 1. If this 
temperature is higher than the critical temperature of the adsorbate, an extrapolation of the 
saturated liquid volume data is required. 

Step 3: Using the vapor pressure relations again, find the vapor pressure of al! adsorbates 
corresponding to each adsorption temperature of interest. 

Step 4: Calculate the fugacity of each adsorbate at the temperatures of interest and the 
corresponding vapor pressure (f*) using the methods given in Chapter 7. If the temperature 
is above the critical temperature of a gas, an extrapolation of the vapor pressure data is 
required. If a more approximate procedure is acceptable or if the vapor pressures are not too 
high, the vapor pressure may be substituted for the fugacity. 

Step 5: Calculate the fugacity of each adsorbate at the temperature and pressure of the 
adsorption system (f) using the same procedure or approximation as in Step 4. 

Step 6: Using the experimental data (moles adsorbed as a function of pressure), calculate 


RT, f 
Ve in'¥ 


Y=N,V* (15A2.1-3) 


Step 7: Plot Y versus X. Generally a more linear relation is obtained if semilog paper is used 
to plot log Y as a function of X. 


X= 


(15A2.1-2) 
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COMMENTS ON PROCEDURE 15A2.1 


Purpose 


This procedure is intended to provide a technique for correlating pure-gas adsorption data as a 
function of temperature or data for a number of different gases on the same solid. If a successful 
correlation is achieved, the method can be used to interpolate or extrapolate the data as a function of 
temperature or to predict the adsorptivity of some other similar gas on the same solid. 


Reliability 


This method must be evaluated on a case-by-case basis. No reliable guidelines for determining 
when this procedure will be successful have been found. Using all the available data, one should 
attempt to correlate them according to this procedure. The extent to which it can be used for further 
extrapolation or prediction then depends on the judgements of the correlator and the extent of approx- 
imation that can be accepted. 


Special Comments 


This potential-theory procedure is generally most successful for coalescing data at various temper- 
atures for a single gas adsorbed on a single adsorbent. It has also been found in a number of cases to 
correlate data for a number of adsorbates on the same solid, particularly if the adsorbates are all in a 
homologous series. Potential-theory plots also appear to be more successful for nonpolar adsorbents, 
such as activated carbon, than for more polar solids, such as silica gel and molecular sieves. Figures 
15A2.2 through 15A2.6 are typical potential-theory plots. See the comments regarding these figures 
for further guidelines on the applicability of the potential theory. 


Literature Source 


This procedure was recommended by Lewis, W. K., Gilliland, E. R., Chertow, B., and Cadogan, 
W. P., Ind. Eng. Chem. 42 1326 (1950). 


Example 


Find the point on the potential-theory plot corresponding to the following data point of Szepesy 
and Illés (121) for the adsorption of ethylene on active carbon type Nuxit-AL: T = 104 F, p = 18.19 
pounds per square inch absolute, and N, = 2.426 x 1073 pound-moles per pound. 

With constants for the Antoine equation obtained from Reid, Prausnitz, and Sherwood (99), the 
vapor pressure is given as: 


1347.01 


s =15. Di EO EEE 
Inp>(mm Hg) = 15.5368 F(K) — 18.15 


The temperature at which ethylene would have a vapor pressure equal to the adsorption pressure 
(940.5 millimeters of mercury) is 173.15 K or -148.0 F. 
From Chapter 1, the critical pressure and critical temperature (p, and 7.) of ethylene are 729.8 
pounds per square inch absolute and 48.58 F. 
Using the saturated liquid volume calculation given in Chapter 6, 
— 148.0 + 459.7 


T= ~gg58+4507 ~ 13 


Vs = (0.2813)(10+ (.0-0613)"] 


ja ig 729.8 


| pT. fener F (10.732) (48.58 + 459.7) | 


0.799 cubic foot per pound-mole 
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From the Antoine equation, the extrapolated vapor pressure at the temperature of interest 
(104 F) is found to be 58,143 millimeters of mercury or 1125 pounds per square inch absolute. 


From the procedure in Chapter 7, the fugacities f* and f are obtained. 
s_ 104+ 459.7 _ 
T, = 73.58 + 459,7 — 1-109 
s_ 1125 1.54 


Pr “739.8 

log (f ip’) = — 0.192 
f° = 723 pounds per square inch absolute 
T, = 1.109 


f = 18.19 pounds per square inch absolute 


The abscissa and ordinate values are now computed as: 


X= pUEEE a oo Ings = 27,900 pounds per square inch absolute 


Y = (2.426 x 107*) (0.799) = 1.94 x 107? cubic foot per pound 


This value agrees well with the entire data set shown in Figure 15A2.2. 
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FIGURE 15A2.2 
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FIGURE 15A2.3 
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FIGURE 15A2.4 
‘| HYDROCARBON ADSORPTION 
: ON 13X 


MOLECULAR SIEVE 
TECHNICAL DATA BOOK 
August 1983 
aa RPD & TED 


=a es = srT 3e£==5= TEES. 
=== CHET HA Firs rot ELRSEEt 


Se ea 


ETHANE 
32 F 
77 F 
122 F 
212 F 
ETHYLENE 
77 F 
122 F 


SHeTescrarenentnea fatatateaan 


HEHE HA beeeeepee 


2.9 3.0 4.0 5.0 60 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 


1.0 


(RT/V5 )In CFS7F) X 104 »psia 


143322333 


eaeeat : Be 
TON To - 
Tintaaiiic. 2 ATH : {combed fae 
en % Oc i Eomunson P| 
S3, na BACK _OF FIGURE 15A26 pty 
. : Per. =: | 
pe | Ente  yiesaeiead = Beeeeg cease : 


15-43 


Information Handling Services, 


2000 


API TDB CHAPTER*15 ** MM 0732290 0537524 B47 


S223 SSSSS5 SS SS 


oes eee ee et 
— i eoae saaaes Sees 


FIGURE 15A2.5 
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COMMENTS ON FIGURES 15A2.2 THROUGH 15A2.6 


Purpose 


These figures are representative of potential-theory plots for pure-component adsorption 
data. They have been prepared according to Procedure 15A2.1. These figures should be 
useful for reading specific data and as guidelines for the preparation of other potential-theory 
plots. 


Speclal Comments 


Figure 15A2.2 is an example of the ability of a potential-theory plot to correlate tem- 
perature dependency. In this case an excellent relationship is found for the adsorption of 
ethylene on activated carbon (Nuxit-AL) over the temperature range of 68 to 194 F. 

The behavior of a number of different kinds of adsorbates on a single solid at a constant 
temperature is depicted in Figure 15A2.3. On this relatively nonpolar active carbon, data for 
eight adsorbates have been correlated reasonably well. The scatter becomes more pro- 
nounced at lower pressures (higher abscissa values). 

The type of behavior often observed on the more polar adsorbents, sitica gel and molecular 
sieves, is shown in Figures 15A2.4 though 15A2.6. The different classes of compounds fall 
into separate correlations. Furthermore, there seems to be more scatter with temperature for 
the more highly adsorbed gases. 


Retlability 


In addition to the usual reliability considerations in phase equilibria data, the extent of 
regeneration of the solid surface must be considered in adsorption equilibria. For physical 
adsorption on highly porous materials such as those represented in these figures, the results 
are not highly sensitive to the actual regeneration conditions as long as the solids are heated 
to a sufficiently high temperature in a moderate vacuum or while being purged with a dry 
inert gas to drive off any adsorbed water. In general this requires temperatures above 400 F 
in a vacuum less than 0.02 millimeters of mercury. Adjustment for different sources and 
batches of adsorbent and for variations in regeneration conditions can be made by multi- 
plying the amount adsorbed by the ratio of the BET surface area of the actual sample to the 
BET surface area of the adsorbent given in the figure. 


Literature Sources 


Figure 15A2.2 (120, 121) 
Figure 15A2.3 (120, 121) 
Figure 15A2.4 (50) 

Figure 15A2.5 (67, 70, 71) 
Figure 15A2.6 (52). 
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15B1.1-15B1.6 


COMMENTS ON FIGURES 1551.1 THROUGH 15B1.6 


Purpose 


These figures are representative of binary adsorption phase equilibrium diagrams and of 
the variation of the total volume adsorbed with composition for several important 
adsorbents. 


Reliability 


The cautions given for Figures 15A1.1 through 15A1.10 regarding the extent of regen- 
eration of the solid surface also apply to gas mixtures, especially to the total amount ad- 
sorbed. The phase compositions, however, are much less sensitive to variations in the regen- 
eration conditions. 


Literature Sources 


Figure 15B1.1 (122) 
Figure 15B1.2 (122) 
Figure 15B1.3 (91) 
Figure 15B1.4 (91) 
Figure 15B1.5 (50) 
Figure 15B1.6 (52). 
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PROCEDURE 15B1.7 


PREDICTION OF GAS-MIXTURE ADSORPTION EQUILIBRIUM FROM PURE-GAS 
ISOTHERMAL DATA 


Discussion 


If the pure-component adsorption data are available for all components of a gas mixture, this meth- 
od can be used to predict the mixed-gas adsorption equilibria. This method is based on ideal adsorbed 
solution assumptions and cannot predict highly nonideal behavior; an alternate method that can do so 
is given as Procedure 15B1.8. The following equations describe the equilibrium relationships that 
must be simultaneously satisfied. 


@ 


P; P. 
Nai 
n,A/RT = [m. ding, = [ dp, (15B1.7-1) 
0 o 
yx, = 1 (15B1.7-2) 
yy, = 1 (15B1.7-3) 
NH, =. = 1, (15B1.7-4) 
Pry; = BX; (15B1.7-5) 
Where: 
i; = spreading pressure of component i, in pounds per foot. 
A = surface area of the adsorbent, in square feet per pound. 
R = universal gas constant, 1545.4 foot-pounds per (pound-mole) (degree Rankine). 
T = temperature, in degrees Rankine. 


N, ; = amount of component i adsorbed, in pound-moles of gas per pound of adsorbent. 
= equilibrium adsorption pressure, in pounds per square inch absolute. 
x; = mole fraction of component i in the adsorbed phase. 
y; = mole fraction of component i in the vapor phase. 
Py = total pressure of the adsorption system, in pounds per square inch absolute. 
Pp? = pressure at which pure component / has a spreading pressure equal to the spreading pressure 
of the mixture, in pounds per square inch absolute. 


sf 
i 


NOTE: The term (7;A/RT) is usually treated as a single quantity having the units of poundmoles of 
gas adsorbed per pound of solid. 


Equation (15B1.7-5) is the equivalent of Raoult’s Law in vapor-liquid equilibria except that in 
place of the vapor pressure at the temperature of interest, the pressure of the pure gas that gives the 
same spreading pressure as found in the mixture is used. The spreading pressure (Or 2A/RT) is not a 
measured quantity; it is calculated from the isotherm data according to equation (15B1.7-1). 

For each component, equations of the form of equation (15B1.7-1) and of equation (15B1.7-5) can 
be written. The entire set of equations is then solved simultaneously. 

The total amount adsorbed is calculated from the following equation: 


1 ee 
ie (15B1.7-6) 
am i=l Nai 


Nam = amount of gas mixture adsorbed, in pound-moles per pound of solid. 
mole fraction of component / in the adsorbed phase. 
N%; = amount of pure component i adsorbed at the same temperature and spreading 


pressure as the mixture, in pound-moles per pound of solid. 
n = number of components in the gas mixture. 


Procedure 


A. Binary Systems 

Step I: Using the pure-component isotherm data (all at the same temperature), calculate 1A/RT for 
each adsorbate according to equation (15B1.7-1). For hand calculations, the data can be plotted as 
N,./p; versus p, and the areas can be determined graphically to yield mA/RT as a function of pressure. 
Note that N, ,/p; is determinant at zero pressure and, if the data are of sufficient accuracy and at low 
enough pressures, a reasonable extrapolation can be made. 
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If the calculations are being done using a computer, and Procedure 15A1.14 has been used 
to correlate the pure-component data, the spreading pressure is given directly by 


A 8, Ss s 
Rr = NT In yen) (15B1.7-7) 
S  — OX] = 6 i 
Iny, itanx la(1 + a7) (15B1.7-8) 
s Nr 
x, = (15B1.7-9) 
xi=1-x; (15B1.7-10) 
Where: 
(A/RT) = spreading pressure function, in pound-moles of gas adsorbed per pound of 


solid. 

N;" = constant obtained from pure-component regression representing maximum 
amount of adsorption of gas 1, in pound-moles of gas adsorbed per pound of 
solid. 

Ny; = amount of gas 1 adsorbed, in pound-moles of gas adsorbed per pound of solid. 

o, = constant obtained from pure-component regression for component / repre- 
senting the interactions between the gas molecules and the solid surface, 
unitless. 


Step 2: Prepare a graph containing a curve for each component in the form of wA/RT 
VeIsUS Pi. 

Step 5 There are now nine unknowns, 7, 2, P;, Pp» Pr. X1, X2, Y1, and ys. There are five 
equations [equations (15B1.7-2) through (15B1.7-4) and two equations of the form of equa- 
tion (15B1.7-5)] and two curves giving the wA/RT relationships. By specifying p, and y,, 
these equations may now be solved for the other five unknowns. A graphical procedure may 
be employed as shown in the accompanying figure. 


TA 
ar? 


SPREADING PRESSURE , ( 


PRESSURE 


The total pressure, pr, is selected and then some point A between points G and H. Then 
y1=DE/FE and x,= DC/BC 


The entire calculation may be done analytically if the isotherm data have been regressed as 
described in Step 1. That is, if one has N,,/p; = F,(p,), then the two components have equal 
spreading pressures according to equation (15B1.7-1) when 


Py Pz 
ih f, (pi)d Inp; =[ f, (pad In p2 (15B1.7-11) 


Here p; = pry,/x, and p; = pr(1 — y:)/(1 ~ x1). If anx, and pr are selected, one can determine 
at what y, value equation (15B1.7-11) is satisfied. 
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Step 4: Calculate the total amount adsorbed from equation (15B1.7-6). To find N., use the 
selected mixture spreading pressure (point A) to obtain p; and p;. N,, is the amount of each 
pure gas adsorbed corresponding to these pressures. 


B. Multicomponent Systems 

Step 1: Calculate the wA/RT relationship for each pure component using the isotherm data 
just as in the binary case. 

Step 2: Prepare a graph containing a curve for each component in the form of 7A/RT 
versus pi. 

Step 3: Select a pr, vapor phase composition of interest, and (7 — 2) values of the adsorbed 
phase composition. Because of the increased number of degrees of freedom, there are an 
infinite number of adsorbed phase compositions corresponding to any vapor phase com- 
position and total pressure. Thus the adsorbed phase compositions of all components save 
two must be specified. The remaining two compositions are then calculated from the follow- 
ing equation: 


pr(d-Sy)— po - Sa) 


sad ° rs 
Py ~P2 


(15B1.7-12) 


De = 1 (15B1.7-13) 


tie | 


The summations in equation (15B1.7-12) are over all components whose phase compositions 
have been specified, and components 1 and 2 are those with unknown adsorbed phase 
compositions. 


COMMENTS ON PROCEDURE 1581.7 


Purpose 


This procedure is given as a method of predicting multicomponent gas adsorption equi- 
libria using only the pure-gas isotherm data. Both the equilibria phase compositions and the 
total volume adsorbed are predicted. A relatively simple graphical method is described for 
binary systems. This method assumes ideal adsorbed solution behavior and cannot predict 
highly nonideal behavior such as adsorption azeotropes. Unfortunately there are no clear 
guidelines to determine when a system is going to be nonideal. However, if the pure- 
component isotherms intersect at a pressure below the total system pressure, a nonideal 
adsorption system should be suspected. Also at high surface coverages this procedure tends 
to give less satisfactory predictions. Better results for nonideal systems may be obtained using 
Procedure 15B1.8. 


Reliability 


For systems where the surface coverage is less than 50 percent and where the pure- 
component isotherms do not intersect at a pressure below the total system pressure, this 
procedure generally gives reasonable predictions. Most of the evaluations of this method 
have been for binary systems, although a few ternary and quaternary systems have been 
studied. 


Literature Sources 


This procedure, with the exception of the vacancy solution equations in Step 1, came from 
Myers, A. L., and Prausnitz, J. M., AIChE Journal 11 121 (1965). The equations in Step ic 
are from Cochran, T. W., Kabel, R. L., and Danner, R. P., “Vacancy Solution Theory of 
Adsorption Using the Flory-Huggins Activity Coefficient Equations,” AIChE Journal 31 268 
(1985). 


Example 


The graphical techniques involved in the procedure are illustrated for the adsorption of 
ethane-propylene on active carbon AC-40 at 68 F and 1.45 pounds per square inch absolute. 
The pure-component data of Costa et al. (21) are expressed in the form (#A/RT) versus p 
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15B1.8 
g 
2 Yethone =12 UNITS 
2 
5 
A 
= Ts Boro an =12.8 UNITS ——- 
‘a propylene an 
«ie 
rosi's 
0 
0.0p° 10 Pp, 2.0 3.0 4.0 5.0 6.0 po 7.0 
P(PSIA) 
in the adjoining figure. A value of 0.0035 pound-mole per pound is selected for the spreading 
pressure and the phase compositions are calculated. 
Yethane = oe 7 = 0.63 
Xethane = 72 285 3 =0.15 
At Yethane = 0.63, the experimental (interpolated) value Of Xehane is 0.17 (21). 

The values of p°,,,,- and Pree iene 2F€ found from the figure to be 6.5 and 0.6 pounds per 
square inch absolute respectively. At these values of the adsorption pressure, the amount 
adsorbed interpolated from the pure-component data of Costa et al. (21) is 0.000165 pound- 
mole per pound for ethane and 0.000145 pound-mole per pound for propylene. The total 
amount adsorbed is calculated from equation (15B1.7-6): 

- Xx; “=| 0.15 el a 
Nam = [=z] = 19000165 * 0.000148 | = 1:48 x 10 * pound-mole per pound 
No experimental value is available. 
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PROCEDURE 15B1.8 


ALTERNATE COMPUTER METHOD FOR PREDICTION OF GAS-MIXTURE 
ADSORPTION EQUILIBRIUM FROM PURE-GAS ISOTHERMAL DATA 


Discussion 


If the pure-component isotherm data have been regressed according to Procedure 
15A1.14, the prediction of multicomponent equilibrium can be made using the following 
equations: 


Ni N,” [exp ow % 
bi Ypr= Vix ee [ape] exp ti (15B1.8-1) 


n 


ine =| 3 a }+h- (S44) | (15B1.8-2) 


jr it+a, pilta, 

_Ovt 1 é 
are ae (15B1.8-3) 
N&* = Dx, NS” (15B1.8-4) 

m=] 

eS Pa z 1| In (y3x3) (15B1.8-5) 

= ow xi Na iS 
was (15B1.8-6) 
xi=l-Dx3 (15B1.8-7) 

y= 1 

NOT = NM exp| 4 (15B1.8-8) 
b, = bs exp [Fe (15B1.8-9) 
Cw = mNEO 1 (15B1.8-10) 


Where: 

, = fugacity coefficient of component i at the temperature and pressure of the ad- 
sorption system, unitless. 

y, = mole fraction of component / in the vapor phase. 

pr = total pressure of adsorption system, in pounds per square inch absolute. 

x, = mole fraction of component { in the adsorbed phase. 

N:,= amount of gas mixture adsorbed, in pound-moles per pound of adsorbent. 
N**” = constant obtained from pure-component regression representing the maximum 
amount of adsorption of component i, in pound-moles per pound of adsorbent. 

a, = constant obtained from pure-component regression for component i representing 
the interactions between gas molecules and the solid surface, unitless. 

b, = constant obtained from pure-component regression representing the slope of the 
isotherm of component i at infinite dilution, in pound-moles per (pound of ad- 
sorbent)(pound per square inch). 

N:” = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in pound-moles per pound of adsorbent. 

r, = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in degrees Rankine. 

T = adsorption equilibrium temperature, in degrees Rankine. 

b,, = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in pound-moles adsorbed per (pound of adsorbent) (pound per square inch). 

q: = temperature-independent constant characterizing each adsorbate-adsorbent sys- 
tem, in British thermal units per pound-mole. 

R = gas constant, 1.986 British thermal units per (pound-mole) (degree Rankine). 

m, = temperature-independent constant of proportionality, in pounds of adsorbent per 
pound-mole adsorbed. 


Note: In equation (15B1.8-2) the summations are to be taken over all components and the 
vacancies, v. Eauation (15B1.8-3) also implies that a, = 0 and (1 + o,,) = 141 + a,,). 
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15B1.8 
Procedure 
A. Binary Systems 
Step 1: Obtain the pure-component parameters as described in Procedure 15A1.14. 
Step 2: Select an arbitrary value of x,. (x. = 1 - x,) 
Step 3: The operative Baer for the binary case are as follows: 
Nin EXP a1, P 
bi yiPr= Vx Rep | Po exp ty (15B1.8-11) 
Ns, N3* exp ay a 
b2Y2pr= Yate ip [fess expt (15B1.8-12) 
ye x2 xy \ot 
In-y} = in| xt + ae are +|+ [1-(« +748 +7) | csp1.8-13) 
In-y3 = —In [a + Oia txz+ iz x _| 
s =1 
+[i-(a + ag) xe + xg t i ) (15B1.8-14) 
In yi = -In [a +awxrt t+ an) ay +x3| 
ee 
+{1- [a Faw)xi + (1+ an)ad +x5| } (15B1.8-15) 
NE” = x NP + xg NS” (15B1.8-16) 
x} ate for i=lor2 (15B1.8-17) 
xe= bx — x3 (15B1.8-18) 
a= - e. 1| In(yix3) for i=1or2 (15B1.8-19) 
=No exp 4] (15B1.8-20) 
2 = NGS exp 4 (15B1.8-21) 
b: = bo: exp [x] (15B1.8-22) 
q2 
bz = bog exp [ = (15B1.8-23) 
Oy =m No - 1 (15B1.8-24) 
aw = M2Nis - 1 (15B1.8-25) 
Step 4: Solve the two equilibrium equations (15B1.8-11 and 15B1.8-12) simultaneously for 
y: (2 = 1 — y,) and N,, by trial and error. At moderate pressures the fugacity coefficients, o,, 
can be set equal to 1, and the two independent equations can be summed to eliminate y,. This 
permits a simpler solution for Nj, and then y, values can be calculated directly from the 
appropriate equilibrium equation. 
B. Multicomponent Systems 
The above binary procedure can be extended to multicomponent systems. An equilibrium 
equation of the form of equation (15B1.8-1) must be written for each component. The 
activity coefficient equations become more complex, but the form of equation (15B1.8-2) is 
readily programmed on a digital computer. 
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COMMENTS ON PROCEDURE 1581.8 


Purpose 


Procedure 15B1.8 is given as a method of predicting adsorption equilibrium for a multi- 
component system when the pure-component data have been regressed using Procedure 
15A1.14 (the vacancy solution theory). 


Reliability 


This procedure usually gives predictions that are within 5 percent in the adsorbed phase 
mole fraction. For highly nonideal systems such as those that form adsorption azeotropes, 
larger errors (10-15 percent in the adsorbed phase mole fraction) have been observed. The 
total amount adsorbed is almost always predicted to within 5 percent. 


Literature Source 


This procedure was taken from Cochran, T. W., Kabel, R. L., and Danner, R. P., 
“Vacancy Solution Theory of Adsorption Using Flory-Huggins Activity Coefficient Equa- 
tions,” AIChE Journal 31 268 (1985). 


Example 


Using the regression constants obtained in the example of Procedure 15A1.14, the binary 
adsorption equilibria of nitrogen-oxygen on 10X molecular sieve at — 50 F and 14.7 pounds 
per square inch absolute can be predicted. The results are given here as a means of checking 
a computer program. 


Regression Constant Oxygen Nitrogen 

N>*, tb-mol per Ib 4.00 x 107? 5.34 x 10-3 

b, , lb-mol per (Ib)(psia) 3.234 x 10-° 4.619 x 10-* 

Oy 4.2x 10% 3.580 

Vowvacs N&, x 10* (Ib-mol per Ib) 

Xoxygen Observed? Caiculated Observed? Calculated 
0.0103 0.0466 0.0359 10.76 11.27 
0.1065 0,3905 0.3255 9.48 10.36 
0.3133 0.7801 0.7129 7.32 8.45 
0.5745 0.9144 0.9163 5.52 6.41 
0.7766 0.9669 0.9745 4.64 $.22 
0.9161 0.9867 0.9933 4.20 4.57 


*From Nolan et al. (91). 
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15C1.1-15C1.10 


COMMENTS ON FIGURES 15C1.1 THROUGH 15C1.10 


Purpose 


Adsorption isotherms for some representative binary liquid systems are shown as a func- 
tion of the bulk-phase mole fraction for several important adsorbents. 


Reliability 


The reliability considerations for liquid adsorption data are similar to those for gas ad- 
sorption data (Figures 15A1.1 through 15A1.10). The adsorbents used should be degassed 
for a sufficiently long time before use, though the results are not very sensitive to the 
regeneration conditions. One should exercise caution in using liquid adsorption data directly 
from the literature, since some data sources give the total adsorption data while others 
provide just the amount of physical adsorption by subtracting the slight effect of chem- 
isorption from the total adsorption isotherm. 


Special Comments 


Figures 15C1.1 through 15C1.10 illustrate the different ways in which liquid-solid ad- 
sorption isotherms are expressed. For the purpose of processing these data by means of 
Procedures 15C1.11 and 15C1.12, they must first be converted into the format appropriate 
to the procedure being used. 


Literature Sources 


Figure 15C1.1 (88) 
Figure 15C1.2 (106) 
Figure 15C1.3 (84) 
Figure 15C1.4 (108) 
Figure 15C1.5 (18) 
Figure 15C1.6 (55) 
Figure 15C1.7 (51) 
Figure 15C1.8 (57) 
Figure 15C1.9 (109) 
Figure 15C1.10 (116) 
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PROCEDURE 15C1.11 


CORRELATION OF BINARY-LIQUID-MIXTURE 
ISOTHERMAL ADSORPTION DATA 


Discussion 


Binary-liquid-mixture adsorption isotherms are usually given in terms of the surface excess 
of one of the components as a function of its mole fraction in the liquid phase. The relation 
between the surface excess and the absolute amounts adsorbed is given by the following 
equation: 

No (X1,0 ~ X41) 


ny = 
! m 


= AEX. MEX (15C1.11-1) 
Where: 
nf = surface excess of component i, in pound-moles per pound. 
no = total number of moles of liquid before adsorption, in pound-moles. 
X,o = mole fraction of component i in bulk solution before adsorption, 
x, = mole fraction of component / in bulk solution after adsorption. 
m = mass of adsorbent, in pounds. 
n; = number of moles of component i adsorbed on the surface per unit mass of solid, in 
pound-moles per pound. 


If there are three or more surface excess points available, the following equation can be 
used to interpolate or extrapolate the data: 


mit, 1] 
M+ RTH) (15€1.11-2) 
Where: 
M = regression constant representing the total number of moles that can be accommo- 
dated in the adsorbed phase per unit mass of adsorbent, in pound-moles per pound. 
K = regression constant representing the coefficient of separation achieved by adsorption, 
unitless. 


Thus the isothermal data may be plotted as x,x2/n{ versus x,. Although equation 
(15C1.11-2) was derived for the case of ideal solutions, the linear relation is usually found to 
hold, at least for a limited range of x;. In most cases, a reasonably linear plot will be obtained 
up to a liquid-phase mole fraction of 0.8 of the preferentially adsorbed component. The 
constants M and K can be determined from the slope and ordinate intercept of the straight- 
line portion: 


1 


slope ™“ (15C1.11-3) 
and 
slope = 
intercept © ios (15C1.11-4) 


Frequently, the isothermal data appearing in the literature are expressed in terms of variables 
other than the surface excess. For instance, the absolute amounts adsorbed of the two 
components may be given as a function of the bulk phase composition. Then equation 
(15C1.11-1) must be used to convert the data to the standard format. In other cases, the 
adsorbent loading may be given. The following equation must be used to calculate the surface 


excess from the loading: 
eo ay a a: x1) 
nt =—T00M, (15C1.11-5) 


Where: 
a, = loading of component 1, in pounds per 100 pounds of adsorbent. 
M,=molecular weight of component 1, in pounds per pound-mole. 


The computed surface excess can then be used to apply the linear correlation discussed 
above. 
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Procedure 


Step 1: Plot the data in the form x,x2/nf versus x1. 

Step 2: Determine from the signs of the n{ values which is the more strongly adsorbed 
component. If the ; values are mostly positive, component 1 is preferentially adsorbed; if 
they are mostly negative, component 2 is preferentially adsorbed. 

Step 3: Construct a straight line representing the data as closely as possible for the range 
x,=0 to x;= 0.8, where x, is the mole fraction of the preferentially adsorbed component. 
Determine the slope and intercept. Alternatively, the data can be regressed to yield the value 
of the slope and intercept. 

Step 4: Calculate M and K from equations (15C1.11-3) and (15C1.11-4). 

Step 5: Equation (15C1.11-2) may now be used to interpolate or extrapolate the data in the 
range x; = 0 to 1; = 0.8. 
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COMMENTS ON PROCEDURE 15C1.11 


Purpose 


This procedure is given as a method of interpolating or extrapolating binary-liquid-mixture 
adsorption isotherm data up to a mole fraction of 0.8 for the preferentially adsorbed com- 
ponent. 


Special Comments 


In most cases, liquid-mixture adsorption equilibria are expressed as isotherms where 
values for the surface excess of one component are given at varying compositions of the bulk 
liquid. A number of sources, however, give the equilibrium data in other formats. One 
frequently-occurring format is the mole fraction in the adsorbed phase x; versus the bulk 
phase mole fraction x;. If the data are in this form, or if the data can be converted to this 
form, Procedure 15C1.12 should be used. If the data are in such a form that one can calculate 
either nj or xj, then Procedure 15C1.12 should be used instead, since it has been found to 
give a better representation of the data and it works over the entire composition range of the 
bulk liquid. 


Limitations 


For most liquid-mixture adsorption systems, reasonable linearity has been observed when 
the data are plotted as indicated by equation (15C1.11-2) in the mole fraction range of 0 to 
0.8. Outside this range, large deviations may be expected. 


Reliability 


Within the recommended range of application, equation (15C1.11-2) will usually represent 
the data within 5 percent. For systems that are highly nonideal, the deviations may be higher. 


Literature Source 


Equation (15C1.11-2) was originally developed by Everett, D. H., Trans. Faraday Soc. 60 
1803 (1964). 


Example 


Find the values of M and K for the adsorption of benzene (component 1) and cyclohexane 
(component 2) on silica gel at 86 F. 

The data of Sircar et al. (113), expressed in the appropriate form for the procedure, are 
given below. 


ni x 10° X1Xo/nt 

xX (tb-mol per Ib) (Ib per Ib-mol) 
0.051 1.05 46.09 
0.117 1.47 70.28 
0.187 1.61 94.43 
0.268 1.59 123.38 
0.357 1.50 153.03 
0.395 1.41 169.49 
0.544 1.20 206.72 
0.794 0.59 277.23 
0.900 0.30 _ 


A linear regression using the eight values for which x, < 0.8 yields a slope of 311.7 pounds 
per pound-mole and an intercept of 36.92 pounds per pound-mole. 
The values of M and K can now be calculated from equations (15C1.11-3) and (15C1.11-4). 


M= a = 3.21 x 107* pound-mole per pound 


— 311.7 


K = 36 92 


+1=9.44 
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PROCEDURE 15C1.12 


ALTERNATE COMPUTER PROCEDURE FOR CORRELATION OF 
BINARY-LIQUID-MIXTURE ISOTHERMAL ADSORPTION DATA 


Discussion 


If three or more values for the adsorbed phase mole fraction at varying liquid-phase mole 
fractions are known, the following equation can be used to interpolate or extrapolate the data 
over the entire composition range: 


x1 


oa es — x) exp[¢g (2x, -— 1] +x, 


(18C1.12-1) 
Where: 
x{ = adsorbed-phase mole fraction of component 1. 
x, = liquid-phase mole fraction of component 1. 
& = regression constant representing the coefficient of separation achieved by adsorption, 
unitless. 
q = regression constant representing the interaction between components 1 and 2 at the 
given temperature, unitless. 


Equation (15C1.12-1) has been found to be valid for most of the systems investigated. Its 
use is recommended when one has the proper number of data points available for regression. 

In cases where the data are given in terms of absulute adsorption, the following equation 
should be used to convert the data to the format necessary for applying the nonlinear 
correlation: 


ny 
i= 15C1.12- 
lasers (1SC1.12-2) 
Where: 
n,; = absolute amount of component i adsorbed per unit mass of adsorbent, in pound-moles 
per pound. 


The data can then be regressed according to equation (15C1.12-1) to yield the values of k 
and q. 


Procedure 


Step I: Collect all the isotherm data for the system of interest in terms of x$ versus x). These 
data must then be regressed in the form of equation (15C1.12-1) using a nonlinear algorithm. 
Step 2: The data can now be interpolated or extrapolated by use of equation (15C1.12-1). 
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COMMENTS ON PROCEDURE 15C1.12 


Purpose 


This procedure is given as a method of interpolating or extrapolating binary-liquid-mixture 
isothermal adsorption data over the entire composition range of the liquid. 


Rellabllity 


The reliability of the interpolations and extrapolations obtained with this method depends 
upon the accuracy and range of the data that were regressed. More meaningful values for the 
regression constants are obtained if the data straddle the entire liquid composition range. In 
general, equation (15C1.12-1) will represent the data to within 2 percent. For systems with 
strong deviations from ideal behavior or those with a high scatter in the data points, the 
deviation will be higher. 


Literature Source 
Equation (15C1.12-1) was taken from Nagy, L. G., and Schay, G., Acta Chim. Acad. Sci. 
Hung. 39 365 (1963). 


Example 


The data sets and listing of regression constants below are provided as a means of checking 
the reliability of any nonlinear regression algorithm. The objective function used to obtain 
the constants was 


2 
s 
> [there o xt one 


Where: 
Xiexp = experimental value of the adsorbed phase mole fraction, 
Xi prea = predicted value of the adsorbed phase mole fraction. 


Sigma denotes summation over all data points. 


The following data are for n-butylamine (component 1) and benzene (component 2) on 
boehmite at 68 F (58): 


x xt x1 xf 5a x 
0.10 0.536 0.40 0.740 0.70 0.827 
0.20 0.636 0.50 0.776 0.80 0.843 
0.30 0.694 0.60 0.810 0.90 0.868 

k = 0.308 
q = 1.399 


The following data are for ethylene dichloride (component 1) and benzene (component 2) 
on silica gel at 68 F (58): 


x1 x} x1 xf Xi x} 
0.10 0.158 0.40 0.524 0.70 0.786 
0.20 0.295 0.50 0.621 0.80 0.861 
0.30 0.417 0.60 0.707 0.90 0.934 
k =0.615 
q = 0.058 
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